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ATMOSPHERIC ABSORPTION OF INFRARED SOLAR 
RADIATION AT THE LOWELL OBSERVATORY 
Il. THE SPECTRAL INTERVAL: 5.5-8 pu 
ARTHUR ADEL AND C. O. LAMPLAND 


ABSTRACT 

The intensity variations in the telluric spectrum between the limits 5.5 and 8 u 
are great. They are here empirically specified as functions of the atmospheric water- 
vapor content. 

This is the second in a series of papers describing the degree of ab- 
sorption suffered by incoming infrared radiations as a consequence 
of the absorption spectrum of the earth’s atmosphere. The first 
paper’ in the series dealt with the continuous absorption due to the 
pure rotation spectrum of the water-vapor molecule. The present 
communication concerns itself with the variations in transmission of 
the discrete absorption bands which occupy the spectral interval 
from 5.5 to 8 uw. Additional analyses will eventually cover in similar 
fashion the remainder of the infrared telluric spectrum to the limit 
of atmospheric transmission near 14 yu. 

It seems useful at this time to review very briefly the investiga- 
tions on atmospheric transmission and related problems in progress 
at Flagstaff during the last three years. These include a series of 
papers,’ begun earlier than the current one and continuing through 
the present, whose purpose it is to discuss the positions, structures, 
and identifications of the absorption bands in the infrared spectrum 

' A. Adel, Ap. J., 89, 1, 1939. 7? Consult this Journal and the Physical Review. 
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of solar radiation arriving at the earth’s surface. The primary pur- 
pose of all these studies is the determination of essential data re- 
quired for the more complete evaluation and interpretation of 
astronomical radiometric observational material, especially the 
planetary measurements now in progress, as well as the data ac- 
cumulated in years past. The importance of trustworthy atmos- 
pheric transmissions for the evaluation of planetary-radiation data 
is apparent. In observations of bodies outside the earth our own 
atmosphere intervenes as a selectively and imperfectly transparent 
medium, displaying considerable variation in its behavior. That por- 
tion of sunlight reflected by the planets is quite freely transmitted, 
but the planet’s emission spectrum of long wave lengths is severely 
depleted. For example, from considerations of the intensity of the 
incident solar radiation and the albedo of Venus or from considera- 
tions of the planet’s temperature,’ it is to be expected that a con- 
siderable fraction of its planetary radiation would be emitted in the 
spectral range 5.5-8 uw. As a matter of fact, only a small percentage 
of planetary radiation appears to be found in this spectral band, a 
result attributable to the water-vapor absorption in the earth’s 
atmosphere. 

While the application of the infrared analysis of the atmosphere 
to the Observatory’s radiometric program is of immediate impor- 
tance, its significance is enhanced by its application to other fields 
as well. It is an important means of observing atmospheric con- 
stituents present in minute amount, for example, ozone and the 
oxides of nitrogen. Further, it provides necessary data bearing on 
problems of long-standing interest to meteorologists. 

In that portion of the telluric spectrum confined between the 
limits 5.5 and 8 yu, daily fluctuation and great seasonal variation of 
intensity occur. The principal features of this spectral interval are 
the great water-vapor band with a long base of zero transmission 
and the banded absorption due to the oxides of nitrogen, probably 
nitrous oxide (.V,O) and nitrogen pentoxide (V,O;).4 The nitrogen 
oxides band is contained in the long-wave-length or diverging wall 

3 A. Adel, Ap. J., 86, 337, 1937. 

4A. Adel, “Note on the Atmospheric Oxides of Nitrogen,” ibid., 90, 627, 1939 
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of the water-vapor band. The position of the diverging wall oscil- 
lates between wide limits, being specifically determined by the 
amount of water vapor present in the atmosphere. In this manner it 
not only affects the actual contour of the water band, but it marked- 
ly affects the apparent form of the nitrogen oxides band. In further 
description of the region it must be added that when the atmospheric 
water vapor falls below 3 or 4 mm of liquid equivalent, a small 
amount of solar energy penetrates the entire atmospheric column 
in the vicinity of 6.3 uw. And it appears there as a small island of 
energy in an otherwise completely absorbed region. This is a conse- 
quence of the structure of the 6.3 4 water-vapor band, which may 
be popularly described as a doublet. 

The six graphs of solar intensity (at the earth’s surface) against 
wave length, which are contained in Figure 1, are arranged to 
exhibit the progressive change in the region 5.5—8 w corresponding 
to diminishing water-vapor content of the atmosphere. The plots 
also cover the spectral interval from 8 to 11 yw, the region to be dis- 
cussed in the next paper in this series. These automatically re- 
corded curves of the relative intensity distribution in sunlight at the 
earth’s surface were obtained with a rock-salt-prism spectrometer. 
The liquid water equivalent of the atmospheric water vapor was 
approximately 10 mm for curve No. 1 and approximately 1 mm for 
curve No. 6. Under each curve is given the wave-length scale gradu- 
ated in 0.1’s won the dispersion of rock salt. It is especially instruc- 
tive to examine the progress of intensities at 6.3 and at 7.5 u. How- 
ever, a correct appreciation of the variations can be secured only by 
reducing the curves of Figures 1 and 2 to curves of transmission. 
The curve of the continuous absorption coefficient in this spectral 
region is known, as is the gray-body temperature of the sun 
(7ooo° K).' It is, accordingly, possible to accomplish the reduction 
to curves of percentage transmission. 

Figure 2 displays the transmissions obtained from a set of curves 
similar to those of Figure 1 but better adapted to the present 
purpose. The plot is on the scale of normal dispersion. The dis- 
persion axis for a given curve lies opposite the letter corresponding 
to that curve. Each vertical division is equal to 1 per cent on the 












ome, 5 e 
[a i’, a 


ear .8 8 Jo tn ek FT 6 9 /0 fi AA 
A 





4 | 
’ } 


Fic. 1.—Solar intensity as a function of wave length. Curves 1-6 correspond to diminish 
ing water-vapor content of the atmosphere 
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scale of 100 per cent. The liquid water equivalent of the atmospheric 
water vapor corresponding to curves A-F is: 
A: 10.2 mm; B: 6.0mm; C: 4.7 mm; D: 3.1 mm; E: 2.1 mm; F; 1.1 mm 
A: 10.0mm; B: 5.9mm; C: 4.6mm; D: 3.0mm; #: 2.1 mm; F: 1.0 mm 


The upper row refers to the region about 6.3 uw, the latter having 
always been observed at a slightly smaller zenith distance than the 
TABLE 1 
VARIATIONS IN THE TELLURIC SPECTRUM 


20.5 Mm 


| 








| 
pee 
X (u) (Per A B Cc ye | 2 be 
centage) 
| sie 
5-5 0.0 1.0 2.0 3.0 7.0 10.0 | 11.6 
5.6 0.0 0.8 0.8 0.9 2.3 40. 1-55 
5.7 0.0 0.0 0.2 0.3 0.4 a 1.1 
5.8 0.0 0.0 0.0 O.1 0.0 Os. be 
5.9 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0 
6.0 0.0 0.0 0.0 0.0 0.0 6.0 | 90.0 
6.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
oc 0.0 0.0 0.0 0.0 O.1 0.0 | 2 
6.3 0.0 0.0 0.0 0.0 0.3 ro ee 2.4 
6.4 0.0 0.0 0.0 0.0 0.3 og th 3es 
6.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
6.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
6.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
6.8 0.0 0.0 0.0 0.0 0.0 0.0 0.7 
6.9 0.0 0.0 0.0 0.0 o.2 i aa x oy 
7.0 0.0 0.0 0.0 0.0 1.6 3-5 | 6.3 
4 0:0 0.0 0.0 0.9 3.6 7 II.3 
7.2 0.0 0.0 1.2 ee 0.2 It.5 17.0 
y 0.0 0.5 4.4 5.9 10.5 15.4 | 24.0 
7.4 0.0 ‘3 10.9 14.0 20.6 a7..2°.| 3424 
5 2.2 10.5 19.5 4:7 29.6 31.4 | 2.0 
7.6 1.8 8.0 15.2 17.0 24.5 28.8 29.0 
7 5.4 13.3 17.4 19.6 19.7 24.4 20.6 
7.8 9.0 19.9 25.7 26.6 27.3 32.4 36.3 
7.9 9.4 18.7 20.4 20.7 27.4 32.8 38.8 
xs Oo 2<¢ 6 44.0 47.8 54.5 52.4 00.7 03.1 


former. F. E. Fowle’s spectroscopic method was employed in all 
determinations of atmospheric water-vapor content. Curve G, which 
is the transmission of an amount of water vapor equivalent to 0.8 
mm of liquid water, was determined by Fowle.’ In the comparison 
of curve G with curves A—E it must be remembered that Fowle em- 


Smithsonian Miscellaneous Collections, 68, No. 8, 1917. 




























6 ARTHUR ADEL AND C. 0. LAMPLAND 


ployed a laboratory source of radiation as opposed to the sun and a ) 
laboratory concentration of water vapor as opposed to the earth’s at- 
mosphere. The nitrogen oxides band is, consequently, missing from 
curve G. The nitrogen oxides band appears to be essentially un- 


—— 

















affected by the presence of water vapor, for reconstruction of the ; 
band walls reveals constant percentage absorption for the band in 
spite of the tenfold variation in the amount of water vapor. 

In Table 1 the transmissions given by curves A~F are listed at 
intervals of ; yu. The table also includes the transmission of the 
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region as determined by an atmospheric water-vapor content 
equivalent to 2 cm of liquid. 

The significant features of Figure 2 are graphically summarized in 
Figure 3. The curves labeled 6.3, 7.5, and 7.66 wu describe the varia- 
tions in transmission of the maximum at the center of the great 








water band, the maximum of the short-wave-length lobe of the nitro- 
gen oxides band, and the minimum of the succeeding trough, respec- 
tively. The precise wave lengths of these features vary somewhat, 
of course, with the atmospheric water-vapor content. The prolon- 
gation of the 6.3 u-curve below 1 mm of liquid water equivalent was 
made possible by the incorporation of three laboratory measure- 
ments by Fowle.’ The fourth curve describes the transmission of 
the entire region. 

LOWELL OBSERVATORY 

FLAGSTAFF, ARIZONA 











INTEGRATED PHOTOGRAPHIC MAGNITUDES OF 
SIXTY-EIGHT GLOBULAR CLUSTERS* 


WILLIAM H. CHRISTIE 


ABSTRACT 

The photographic magnitudes of sixty-eight globular clusters have been determined 
with aschraffierkassette attached to the 10-inch Cooke refractor. The scale was estab 
lished by polar comparisons for an average of nine stars in each field. 

The cluster magnitudes have been compared by Seares with other determinations 
by Holetschek, Vorontsov-Velyaminov, Bernheimer, Vyssotsky and Williams, Stebbins 
and Whitford, and Shapley. 

The magnitudes of the sixty-eight globular clusters given in this 
paper were obtained with a schraffierkassette’ attached to the 10-inch 
Cooke refractor. In order to integrate completely the light of a 
cluster, the throw of the schraffierkassette must be at least twice the 
diameter of the object. Shapley’s diameters have been used as a 
guide and have proved to be accurate enough for the purpose. Series 
of exposures with squares of various size have been made on several 
clusters, and the run of the measured magnitudes indicates that 
complete integration has usually been accomplished. 

The images of the clusters have been compared with those of 
near-by stars, an average of nine comparison stars having been used 
for each cluster. The magnitudes of the reference stars were deter- 
mined by direct schraffierkassette comparisons of the cluster fields 
with stars in the polar region, correction for differential extinction 
being made as usual. To avoid confusion and overlapping of images, 
the exposures to the pole and to the field, except for a few of the 
brighter clusters, were made on separate plates taken from the same 
box and developed together. The data for the polar stars were ob 
tained from Magnitudes and Colors of Stars North of So’? supplement- 

* Contributions from the Mount Wilson Observatory, Carnegie Institution of Wa 
ington, No. 620. 

t Mt. W. Contr., No. 476; Ap. J., 78, 313, 1933- 

2 Seares, Ross, and Joyner, mimeograph edition, Pasadena, 1935. 
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ed, for the fainter stars, by the international magnitudes of the North 
Polar Sequence. 

Measures of blue and red stars in the polar area show that, when 
the schraffierkassette is used with the 1ro-inch Cooke refractor, the 
color correction required to reduce the results to the international 
system is negligible. The integrating action of this combination 
nullifies the large correction originating in the chromatic and other 
aberrations of the objective which affect focal images obtained with 


the 1o-inch refractor. 
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cluster. 


rhe plates were measured with the Ross thermoelectric photom- 
eter. Settings were made on several points surrounding the image 
of each comparison star or cluster. The mean of the corresponding 
deflections of the galvanometer was adopted as that for the clear 
film in the vicinity of the object to be measured, the zero of the gal- 
vanometer being read with no light falling on the cell. The deflection 
obtained from settings on the star or cluster was then expressed as a 
percentage of that adopted for the clear film. The “clear film,” 
especially in crowded Milky Way regions, may, of course, include the 
images of numerous faint stars; but since the images of surrounding 
stars are also superimposed upon the clusters, it is believed that the 
effect of extraneous stars is negligible. The star density in the vicin- 
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ity of a cluster may, however, differ from that of the polar region; and 
that small systematic errors have been introduced 


it is possil 
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through the polar comparisons, since it is unlikely that the deflec- 
tion for a cluster or star, relative to that for the clear film, is wholly 
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free from the influence of this background fog. The matter requires 
further attention. 

The galvanometer deflections for the comparison stars (expressed 
as percentages of the deflection for the clear film) were plotted 
against their magnitudes. The magnitude of the cluster was then 
read from the smooth curve drawn through these points. Three 
typical reduction-curves for NGC 4147 are shown in Figure tr. 

The magnitudes for the comparison stars used for w Centauri 
(NGC 5139) were taken from the Henry Draper Catalogue, since 
polar comparisons for stars having zenith distances ranging from 
75 to 85° and polar distances of from 130° to 140° are unreliable. 
The comparison stars were corrected for differential atmospheric ex- 
tinction by reducing them to the altitude of the cluster. 

The mean integrated magnitudes of the clusters, on the interna- 
tional photographic scale, are given in the second column of Table r. 
The number of measures included in the mean, the average deviation 
of the measures from the mean, the number of polar comparisons, 
and their average deviation appear successively in the remaining 
columns of the table. 

The average error (0.8 of the mean error) for a single determina- 
tion of a cluster magnitude, exclusive of the zero-point error in the 
comparison stars, was obtained from the average deviation (AD) in 
the fourth column of Table 1 by the formula 


AE = ADJ oe 
|. Saal | 


where 7 is the number of individual determinations. The averages 
of these values for successive magnitude intervals, for both clusters 
and comparison stars, are as given in the accompanying table. 


APPARENT PHOTOGRAPHIC MAGNITUDE 
be I 5 z3.5 12.5 
Clusters | 
AE (No.)..J/+0.05 (9)/+0.11 (13)|+0.10 (11)/+0.14 (15)}+0.11 (7)}+0.16 (6) 
Stars | | | 
AE (No.)..|+0.08 (51)| +0. 10 (55)} +0. 08 (36)} +0. 14 (57)} to. 12 (24)| 0.15 (22) 
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For any object in a globular cluster 
M=m-—a+5-— 5logp, 


where a is the absorption expressed in magnitudes and p the true dis- 
tance. A similar expression involving the integrated absolute and 
apparent magnitudes (M,., m.) of the cluster, combined with the 
formula for M, gives for M., free from the influence of any ab- 
sorption, 


M. =m. — (m—M). 
This formula may be used to obtain the M, of clusters for which 
the distance modulus, m — M, has been determined photometrically. 


TABLE 2 


FREQUENCY DISTRIBUTION OF ABSOLUTE MAGNITUDES 


M No M N 
-9.9 to —90.5 I =—O.9 WO 0.5 ‘e) 
O40  -9.¢ O 6.4to 6.¢ 
8.9 to S.5 2 5.9 to eh 3 
8.4to 8.0 5 5-4 to 5.0 } 
7.9 to 7.5 I] 4.9 tO 4.5 I 
=~? .4 70 - O 10 


There are 48 such cases in Shapley’s list. One approximate value of 
m — M (NGC 104) has been rejected, and one by Baade (NGC 
2419)? has been added. For 39 of these, integrated photographic 
magnitudes are given in Table 1. For the others, Shapley’s inte 
grated cluster magnitudes, reduced to the international photo 
graphic system by Table 5, have been used. The resulting frequen 
cy-curve for M, (for clusters brighter than a limiting apparent mag 
nitude of about 12.0) is shown in Table 2 and in Figure 2. 

The asymmetry of the curve and the suggested secondary maxi 
mum are noteworthy. According to the present data, maximum fre 


quency occurs close to M, = —7.7. None of the values falls between 
—5.9 and —6.5. The faintest cluster included is NGC 7492 (—4.7 
and the brightest, w Centauri (—9.5). The distance modulus of 


3 Mt. W. Conir., No. 529; Ap. J., 82, 396, 1935. 
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the latter was taken from the recent study of the cluster by W. 
Charles Martin.‘ 
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Fic. 2.—Frequency distribution of absolute photographic magnitudes among the 


globular clusters. 


I am indebted to Dr. Seares for the following discussion of the re- 


sults of this investigation. 


COMPARISON WITH OTHER MEASURES 


Comparison of the present measurements with other observations 
requires, in general, a knowledge of the colors of the clusters. The 
only extensive series of color indices available is that of Stebbins and 
Whitford,’ made with a photoelectric cell. These data reveal a con- 
spicuous relationship between the observed color C, and the amount 
of obscuration as indicated by counts of extragalactic nebulae. Color 
excess in many instances is therefore certainly an important fraction 
of C,. This conclusion has been criticized® on the ground that, if the 
color excess be calculated in the usual way with the aid of the spec- 
tral types of the clusters, most of its dependence on galactic latitude 
disappears; all the so-called K and M types are within the zone of 
avoidance. There is reason to believe, however, that the types as- 
signed to clusters are in many instances essentially color classes, the 
type having been determined by the intensity distribution of the 
continuous spectrum rather than by spectral lines, which are mostly 
invisible. The criticism therefore fails unless more dependable evi- 
dence can be found for the preferential occurrence of late-type clus- 
ters (if such exist) in low latitudes. 

1 Leiden Annalen, 17, Part 2, 38, 1938. 

5 Mt. W. Contr., No. 547; Ap. J., 84, 132, 1936. 


® Wilhelm Becker, Fortschritte der Astronomie, 1, 50, 1938. 
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The departure from black-body radiation often accompanying 
color excess at once raises a question as to whether the values of C, 
can be satisfactorily reduced to the international system by the cus- 
tomary mean formula’ 


Cy = 2.62 (C, + 0.21). (1) 


This formula has been calibrated on the standard stars of the Polar 
Sequence, which, as a matter of fact, are themselves afiected by a 
moderate amount of selective absorption and should be applicable to 
similar regions in other parts of the sky; but whether it can be used 
for heavily obscured clusters in the zone of avoidance is still an open 
question. To begin with, the emitted radiation is composite in type; 
and even if the corresponding effective color-temperature curve were 
certainly linear, a superadded absorption varying as 1/\”" would 
transform the curve into a nonlinear relationship unless were 
equal to unity. The reduction of C, to the wave-length interval cor- 
responding to standard photographic and photovisual magnitudes 
by means of (1) might therefore in certain cases give values of C, 
differing systematically from C, the color index obtained directly 
from standard magnitudes. 

In any event, equation (1) should apply, approximately at least, 
to clusters in regions of normal nebular density, even in low galactic 
latitudes. For example, ten such objects of known spectral type (or 
color class, as the case may be), when compared with the correlated 


series for unobscured main-sequence stars,* namely, 


Spectrum..... Ao AS Fo 5 Go 
oY ee —0O.14 —0.02 +0.10 +o. 22 +0. 37 


give a mean color excess E of only +0.06. Again, four other clusters 
in slightly obscured regions give E = +0.15. Since these quantities 
are in nowise unusual, the values of C, from (1) here appear to be 
systematically correct. 
The test may be pushed somewhat farther by comparing the val- 
ues of C, with the excellent color indices (Cyw) for 15 clusters meas- 
7 Stebbins and Whitford, Mt. W. Contr., No. 580; Ap. J., 87, 237, 1938, eq. (7). 


§ Unpublished data. 
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ured by Vyssotsky and Williams.’ The regression-curve for a group- 
ing according to C,, which, because of the small accidental error af- 
fecting C,, must be close to the true relationship, may be expressed 
in the form 

Cy = 0.94 (Cvw — 0.18) . (2) 


We then have the following data: 


Ao Ko Ko-Ao 

SS 0.00 1.15 1.15 
eg 5 eens —0o.17 0.QI 1.08 | (3) 

. | 

Ee hack i —O.14 0.98 1.321 


in which the first line is from the paper by Vyssotsky and Williams 
and the second has been calculated from (2). The agreement of the 
latter with the international values in the third line is all that can be 
expected from the scanty data used. Here again the values of C, 
seem to be systematically correct. Nevertheless, any general state- 
ment to this effect must be expressed with some reservation because 
only five of the clusters underlying the data in (3) are within the zone 
of avoidance, and none is fainter than about the eighth magnitude. 
The most heavily obscured objects are therefore not included in the 
comparison. 

Another possible influence of absorption is a modification of the 
relative color equation normally to be expected in the magnitudes 
obtained by two different methods. The mean effective wave lengths 
of both series may be changed, but one more than the other. A com- 
parison of the photographic results in Table 1 with the photoelectric 
measures (Pe) of Stebbins and Whitford’ affords an example for 
which there seems to be no other explanation. For the Polar Se- 
quence the relationship is °° 


IPg — Pe = — 0.12 + 0.200 , (4) 
but for the two series of cluster magnitudes this formula does not 


necessarily hold. Since diaphragms with angular apertures of 64” or 
128” at most were used in measuring Pe, the number of clusters that 


9 Ap. J., 77, 301, 1933- 
10 Seares, Mt. W. Contr., No. 587; Ap. J., 87, 257, 1938, eq. (16). 
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can be utilized for a comparison is small. The 22 objects for which 
the integration appears to be sufficie:.tly complete suggest a small 
negative color coefficient; they certainly do not admit of the rather 
large positive value of formula (4). 

We proceed now to further details of the comparison with Pe. 
Disregarding color equation altogether, we find the mean difference 


Pg — Pe = — 0.13 (22 clusters; AD = +0.15). (5) 
The rejection of five questionable cases leaves the apparent color 
relation unchanged and gives 


Pg — Pe = — ou! (17 clusters; AD = + 0.08). (6) 
£ / 


Collected according to values of Pe, the group means for the two se- 


lections are (number of clusters in parentheses) : 


Pe 9.2 I 3 II.2 12.3 
Pr ~Pe 6505 (4? “S05 9T- (0) . 26.2210) == 12.10) (>) 
—o0.05 (4) —0.08 (4) —o0.17 (5) —o.11 (4)} *' 


These differences indicate that there is no serious discordance in 
scale between the photoelectric and the present series of measures. 
The zero-point differences shown by (5) and (6) agree with (4), 
which checks the zero point of the photographic values in Table 1. 

Comparisons with the photographic magnitudes of Vorontsov 
Velyaminov," of Vyssotsky and Williams,’ and of Shapley” are 
shown in Tables 3, 4, and 5. Any relative color equation in these 
three series is concealed by the scatter in the differences, and for 
Shapley at least it is certainly small. 

Since Vorontsov-Velyaminov’s results are based ultimately on the 
Harvard visual scale, the differences in Table 3 should agree with the 
corrections which reduce this scale to the international system, as, 
in fact, they do within a few hundredths of a magnitude.’ 

One seriously discordant difference (NGC 6809, —0.32 mag.) has 
been excluded from the comparison with Vyssotsky and Williams. 

it A. NV .,:236, 1; 1920. 

12 “Star Clusters,” Harvard Obs. Mono., No. 2, 1930. 


13 Seares, Mt. W. Contr., No. 288; Ap. J., 61, 284, 1925. 
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in Table 4 the mean values in the first and second columns cor- 
respond to data in Sh Pg intervals of 1.5 mag. and are the basis of the 
regression-curve in Table 5 (residuals in third column, Table 4), 
which may be useful for statistical studies involving clusters meas- 


TABLE 3 


VORONTSOV-VELYAMINOV, AND VYSSOTSKY AND WILLIAMS 














| 
VV Pg |} Pg—VV | AD | No VW Pg Pg—-VW | AD No. 
8.0 +o.17 | +0.31 | 10. «Cs |||: 6.8 +0°.33 | £0.12 8 
Q.1 25 | 22 7 | 7.9 +0. 32 +0.20 6 
10.2 | +0. 19 | 0.27 | 7 i “se8e 
| | 
TABLE 4 
SHAPLEY 
Sh Pg | Pg—Sh O-c | AD No. 
° | +2.90 +o.02 | +0.12 5 
+ | ~ 
sc 6 2.05 | Io | 17 9 
1.65 + .I! 20 14 
8.8 | 0.86 | - .07 27 14 
10. 2 ase | FF .c501 9 14 
11.7 | +0.08 | C:08 | 20.47 10 
TABLE 5 
SHAPLEY, REGRESSION-CURVE 
Sh Pg Pg—Sh Sh Pg | Pg—Sh 
2% sae O.5 T! O4 
We 2.05 0.5 +o 71 
es 2.22 10.5 +0.40 
6.5 1.81 cE.S +o.11 
EX 1.42 —0.15 


ured by Shapley that do not occur in the present list. All the clusters 
of Table 1 are included in the comparison except NGC 5694, which 
is not in Shapley’s list, and NGC 5139 (w Centauri). The approxi- 
mate difference for the latter, Pg — Sh = +2 mag., disagrees with 
the well-defined regression-curve. 

The magnitudes of globular clusters and of other NGC objects 
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that probably have been used more than any vthers are the visual 
estimates of Holetschek.'* The mean differences Pv — Hl in Table 6 
were obtained by first reducing the photo; >hic magnitudes of 


Table 1 to the international photovisual sys by forming Pv = 
Pg — C,, the color index C, being that from e tion (1). Since the 
uncertainty in the group means iso.1oro.2r __, these means may 


be regarded as constant. In other words, w_ in the uncertainty 
corresponding to the exceptionally large aver: deviations, Holet- 
schek’s scale apparently differs from the inte tional photovisual 
scale only by a zero-point correction of +0.40 1ag. 


TABLE 6 


HOLETSCHEK 


H1 Vis | Pv—HIl AD No 


0.4 -O . 33 t0.34 8 
7-3 50 32 7 
5.4. 52 48 8 
9:3. 25 | 70 7 
10.0 +TO.40 0.05 e) 

All +o.40 to.5so | 28 


Some of Holetschek’s clusters have been reobserved by Bern- 


heimer.'> For these the mean difference is 


Pg — Be Vis = + 0.16 (16 clusters; AD = + 0.42). (8) 


If the differences for Holetschek and for Bernheimer be separated 
into two groups according as the clusters are situated in regions of 
normal or of low nebular density (in effect, a segregation according 
to small and to large values of C,), there appears in both cases for 
the faint stars what seems to be a large color equation of indeter- 
minate amount. The coefficient probably depends on the magnitude. 
For Holetschek we have, in the mean, something like 


Pg — C, — Hl = +0.6-—0.3C,. (9 


«4 Annalen der wiener Sternwarte, 20, 1907. 


ts Lund Obs. Circ., No. 5, 1932. 


ee 
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If real, the color term 
of equation (1), or in 
tainty affecting the v 
tant for the compari 
garded. It is mentio, 
tions on the behavio 


In conclusion I w 
ciation of his interest 
Dr. Baade and Dr. f 
cussions. 

CARNEGIE INSTITUTION 


Mount WILSON ( 
July 19 


wiay Originate either in C,, through the failure 

HI (and in Be). Because of the large uncer- 
il estimates, the term is relatively unimpor- 
3 in (8) and in Table 6 and has been disre- 
i here to focus attention in future investiga- 
‘Cp when the obscuration is heavy. 

, to express to Dr. Seares my sincere appre- 

nd advice throughout this investigation. To 

able I also owe thanks for many helpful dis- 
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THE COLORS OF 1332 B STARS* 
JOEL STEBBINS,’ C. M. HUFFER, AND A. E. WHITFORD 


ABSTRACT 


The colors of 1332 stars of spectral types B, O, cB, and cA have been measured with 
a photoelectric cell at Madison or at Mount Wilson. The list includes neurly all 
O-Bs stars north of —15° declination and brighter than visual magnitude 7.5, and, in 
addition, nearly all O-B2 stars north of —4o0° of whatever magnitude to the limit of 
the Henry Draper Catalogue. 

The effective wave lengths of the cell with the two filters used and for an equal 
energy source are 4260 and 4770 A. The scale of the colors is close to two-thirds of the 


international scale. The probable error of a color index is +0.02 to +0.03 mag. for 
Madison, and +0.01 to +0.02 mag. for Mount Wilson. 

The color excesses of B stars are correlated with the intensities of interstellar lines 
The space reddening is greater toward the center than toward the anticenter of the 
galaxy. Even the brightest regions of the Milky Way are partially obscured. The ab- 
sorption in the galaxy is not uniform but spotted and irregular. 

The present paper is an extension of the previous study of the 
colors of 733 B stars’? measured at Madison with a photoelectric pho- 
tometer. The new program includes about 600 additional B stars 
measured with the 15-inch refractor at Madison and with the 60- 
and too-inch reflectors at Mount Wilson. The present paper gives 
the data and measures of individual stars, and some general con- 
clusions on space reddening were presented at the symposium at the 
dedication of the McDonald Observatory.’ 

Observing list.—The first list, which will be designated as the ‘733 
stars,” included nearly all O-Bs5 stars north of —15° declination and 
brighter than visual magnitude 7.5. The extended list now adds 
nearly all O-B2 stars north of —4o0° of whatever magnitude to the 
limit of the Henry Draper Catalogue. To these were added miscel- 
laneous cB, cA, and faint Be stars distributed along the Milky Way, 
which were furnished by Mr. Merrill, and additional B3, B5, and B 
stars in several selected regions. Because the B stars tend to occur 

* Contributions from the Mount Wilson Observatory, Carnegie Institution of Wash- 
ington, No. 621. 

t Research associate of the Mount Wilson Observatory, Carnegie Institution of 
Washington. 

2 Pub. Washburn Obs., 15, Part 5, 1934. 

3 Mt. W. Conir., No. 617; Ap. J. 90, 209, 1939. 
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in groups and also because the Henry Draper Catalogue is not com- 
plete much beyond magnitude 8.0, the stars of our list are by no 
means uniformly distributed along the Milky Way. The stars are 
grouped according to magnitude and spectrum in Table r. The mag- 
nitude groups are 0.00-0.99, 1.00-1.99, and so on. The stars fainter 
than 10.0 are negligible in number. The stars from B6 to Bo are 
nearly all carried over from the 733 list. Of the two A stars which 
crept in, one has interstellar D lines and the other was classified as 
B3 in the Henry Draper Catalogue. 


TABLE 1 
DISTRIBUTION OF STARS BY MAGNITUDE AND SPECTRUM 





} } } } } Com Fo 
Mag |cB}cA| O | Bo} Br| B2| B3| By] Bs | B6| B7| B8| Bo| B | . | Total 
| | | | | | | | | | posite | 
| | | | | 
_ feaehen'd |---| |---| I 
| | | | 
I } 2] a ATS |} 4 6 
i oat fb at gk ar obs ay 4g 
2 | 1} 5} 2] 2} | I | 13 
| | | i 
3 2 | 1] 2) 3} 6) 4) 1] 5 1} 4) 1 ae 31 
} 8} 4) 6) 4 5} 8 37 ar. 2 I I 4| 2 3 105 
| | | 
5 4} 6] 15] 7| 4] 17] 67] 4] 23) 3] 12] 15] 5 159 
6 13} 5) 17] 26] 9} 390] 93] 6} 80 cs} x2} 2| 1 I 311 
- 12| 3] 29 2} 15} 46] 71 1} 60 I 2} 1] 2 9 1} 3°05 
| j | | 
8 ai ¥} 1 52) rz} G3) 33) x} SO) X-..1 3) 3 den. 224 
9 | 1] 30] 2] 29] 23] 1] 31 ee a) ee 163 
10 ae ae ae ie’ ae 1 = 13 
| | 
11 | = I 
| 
ore | | 
Total.| 47} 20] 71|170) 51|214|328] 14]271| 8} 21] 41] 15} 57] 2| 2 | 1332 


The photometer.-The colors were measured with a photoelectric 
cell and two filters, giving essentially the color system of the 733 
stars. The effective wave lengths for an equal-energy source are 4260 
and 4770 A. Most of the measures, which extended over the years 
1930-1938, were made with four potassium cells—two at Madison 
and two at Mount Wilson. The color scale, about two-thirds that of 
the international scale for color index, varied little from cell to cell or 
from telescope to telescope; but the zero point for colors had to be 
carefully determined for each change of instrumental conditions 
for instance, when the large mirrors were resilvered, or especially 
when they were aluminized. The zero point was continually con- 
trolled by measures of standard B stars or by A stars in the North 


Polar Sequence. 
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The measures of the 733 stars at Madison and the earlier measures 
at Mount Wilson were made with a Kunz potassium cell and a Linde- 
mann electrometer. From 1933 all measures were made with a 
Kunz cell and a thermionic amplifier perfected by Whitford. For 
bright stars, down to fourth or fifth magnitude with the 15-inch, the 
amplifier has no special advantage over the electrometer; but for 
seventh or eighth magnitude with the 15-inch or for tenth or eleventh 
magnitude with the 60-inch the amplifier is easily one or two magni- 
tudes more sensitive than the electrometer. Stars of magnitude 9.0 
or fainter would be called difficult with the 15-inch, but the color of 
any star in the Henry Draper Catalogue is easily measured with the 


60-inch. 
TABLE 2 
NORMAL COLORS 
Class | Color Index Class Color Index 
if D..2% Ao 0.10 
Bo — .22 As + .03 
Bi — .21 Fo + 09 
B2 — .20 I's + .18 
B3 — 10 Go + 33 
B4 = Id GS , 49 
B5 — 99 Ko + 64 
Bo = 556 K5 +0.90 
B7 — 14 
B8 — .13 
Bo. —O.12 





Atmospheric extinction.—The colors were reduced to outside the 
atmosphere by applying the correction 0.05 f sec 2, where the factor 
f varies from about 1.5 to 2.0, depending upon the estimated quality 
of the night. At Mount Wilson we adopted f = 1.6 for practically all 
measures. The quality of the California sky makes it difficult to dis- 
tinguish between different nights; on the Madison standard they are 
usually perfect. The outstanding errors due to extinction are cer- 
tainly quite small. Most of the conclusions on space reddening de- 
pend upon differences in color of stars not widely separated in the 
sky, and the extinction comes in only as a differential effect. 

Normal colors.—As the new results are mostly for faint B stars 
which are affected by interstellar absorption, we have very little 
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material for improvement of the system of normal colors. That pre- 
viously obtained is therefore repeated in Table 2. 

The color index on the present scale is denoted as C,, to distin- 
guish it from the color C.,, measured with the lighter filters used on 
nebulae and clusters. Various determinations have been made of the 
relation of these colors to the international color C. From the scales 
for giant stars in unobscured regions Seares* has used gKo — Ao 
equal to 1.12 and 0.74 for C and Cy, respectively. Hence, neglecting 
the zero points, C/C; = 1.12/0.74 = 1.51. From 11 white stars of 
the North Polar Sequence with C ranging from —o.08 to +0.49 we 
find C/C, = 1.49 + 0.02. However, the relation between the two 
systems is not strictly linear; and when 6 red stars of the Sequence 
are included in the solution, we get C/C;, = 1.44 + 0.01. We see no 
better procedure than to use the round figure C/C, = 1.50 for the 
range of the colors of the B stars. Therefore, our color excess &,, 
derived by subtracting the normal color in Table 2 from the ob- 
served color of a star, should be multiplied by 1.50 to get E on the 
international scale. 

The observations.-The observations at Madison extended from 
1930 to 1937; at Mount Wilson, from 1931 to 1938. A count of the 
number of observations gives the following: 


Madison Mt. Wilson | 


Both Total 
Stars 852 | 366 114 1332 
Observations 2470 835 3305 





The average number of observations per star is about 2.5; but for 
165 stars there is only one observation each, made usually at Mount 
Wilson. During some seasons the photometer was used mostly for 
faint clusters and nebulae, and the B stars were taken incidentally. 
However, barring a misidentification, a single observation with a 
large reflector gives a color that no amount of measuring with a small 
telescope will improve. 

All the measures are brought together in Table 3. The original re- 
sults for 733 stars have been improved in many cases by additional 


4 Mt. Wilson Contr., No. 587, p. 20; Ap. J., 87, 276, 1938. 
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observations, and the combined material has been made as nearly 
homogeneous as possible. 

The first three columns contain the number, right ascension, and 
declination taken from the Henry Draper Catalogue. An asterisk 
following the HD number refers to a note at the end of the table. 
The MWC numbers are from the catalogue of Merrill and Burwell.* 

The magnitude m in the fourth column is always visual. When 
given to two decimals, it is the regular Harvard photometric mag- 
nitude. If given to one decimal, it is the visual magnitude computed 
from the photoelectric measures with the Harvard magnitudes of 
near-by stars used as standards. When followed by a colon (:) the 
magnitude is simply the DM visual magnitude given in the Henry 
Draper Catalogue. We have found that the probable error of such a 
DM magnitude is about +o0.3. A magnitude from the photoelectric 
measures has a probable error of about +o0.1, depending upon the 
standards used. 

The spectral type in the fifth column is the Victoria classification’ 
when that was available. The classifications for the c and Be stars 
were furnished by Merrill. Spectra in italics are from the Henry 
Draper Catalogue. 

The galactic co-ordinates / and 0 in the sixth and seventh columns 
were taken from the Lund Tables and are referred to the pole at 
R.A. 12540™, Decl. +28° (1900). The previous co-ordinates of the 
733 stars were on the Vatican system; but these have all been re 
vised, and the new values have been checked, either differentially or 
by duplicate computation. The interpolations were made to the 
nearest tenth of a degree, without special effort to get the last digit 
absolutely correct. 

The eighth, ninth, and tenth columns contain the color index C;, 
measured at Madison and at Mount Wilson and the mean. In form 
ing the means, double weight was ordinarily given to Mount Wilson 
observations. 

In the eleventh column the number of observations refers to the 
number of nights; different measures of a star on the same night 
were always combined into a single observation. 

Mt. Wilson Contr., No. 471; Ap. J., 78, 87, 1933. 
© Pub. Dominion Ap. Obs., 5, No. 2, 1931; No. 3, 1933. 
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The color excess £, in the twelfth column, was formed by sub- 
tracting the normal color index of Table 2 from the mean observed 
color index. In forming this excess the stars of rough classification B 
were assumed to be of class B3. The uncertainty in the classification 
would ordinarily make a difference of only two or three hundredths 
in the color excess. The reduction to the international system is 
given by E = 1.50#,. 

In the thirteenth column the distance modulus m, — M was 


formed from the corrected magnitude 
mM =m— 7E,, 


and the assumed absolute magnitude M from Table 4. The reasons 
for taking the total visual absorption A, = 7, are given in the 
previous paper.’ 

Precision of the measures.—The best test of the precision of the 
measures is given by the stars observed at both Madison and Mount 
Wilson. From 114 differences M — W betweet the eighth and ninth 
columns of Table 3, including all the bad ones, we have 


M — W = +0.0045 + 0.0030 (p.e.) . 


The probable error of one difference is +¢.032, which with weights 
1 and 2 could be distributed as +0.026 for M and +0.018 for W. 
Other internal evidence gives the Mount Wilson measures greater 
precision. For instance, from 74 stars observed in two different 
years we have 


W,, — Wy = —0.0042 + 0.0023. 


34 


The probable error of one difference is +0.020; of one observation, 
+o.014; and of the mean of two, +o.o10. The errors are mostly 
systematic by seasons and nights. We can assume that the probable 
error of a color index in Table 3 is +0.02 to +0.03 for Madison and 
to.o1 to +0.02 for Mount Wilson. 

Absolute magnitudes. Most determinations of the absolute mag- 
nitudes of B stars have been made before the effect of interstellar 
absorption was recognized. In the previous paper we took the re- 
sults of Plaskett and Pearce and of Strémberg derived from the 
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TABLE 3—Continued 







































































| | 
| Cr 
, 
HD R.A. | DECL. | 4 SPEC a a No Ex mo—M 
1900 1900 } 
| M W | Mean 
| =e oes 
76094 thy1™7]+54°54'| 7.41] B3 94-6)— 6.8) —o. 18} |—o.18) 2 +0.01 9.5 
7902 1 13.6|+57 40 | 7.2 |cBsea 04.5)/— 4.0] + .03} | + 03! 2 + .20]| II 3 
8209 1 16.4|/+43 4 | 6.62] Bsn 97.0|—18.4]— 15] |— .15] 2 + .o2] 8.1 
8768* I 21.4|+62 45 | 9.0 B 94.7) + 1.1/4 02) T .021 3 a eee 
8965 I 23.3|+59 44 | 7.26] Ba 95.4 2.0/— .04 — .04] 2 + .16 9.1 
| | 
Qglos I 24.6|+62 51 | 7.46/cB5(e) O8-2i+ B37 «36 + .16] 3 +- .33 | 10.7 
Q3ir 1 26.6|+60 I0 7.26) Bss | g6.0 1.3/4 07 + 07] 4 ob 24 7.0 
MWC1 1 27.9/+63 7 | 8.7 |B(8)eB | 905.4/+ 1.6) I1+0.23/+ .23] 3 + .36 7.2 
10125 I 33.9/+63 40] 85] B | 96.0/+ 2.3]/— .03] I— .03] 2 + .16 
102600 I 35.3|+60 32 | 6.63| B8 90.7 °) 7| adr | te 14|— .13] 2,2 fete) 7-4 
| | | 
1 37.4/+50 11 | 4.19} Bone | 99.3}—10.8)/— .13 mae” | + .09 7-5 
I 41.9)+57 58 | 7.4 Bo | 98 3.I;+ .o2]/— .03/— .or] 2,1] + .21 9.8 
I 42.7|+60 33 | 9.3 |B(3)ne | 97.¢ 0.5 tr -00)-r .o6) 2 T 25 9.7 
1 45.4/+54 30 | 5.40] B3 | 90.4 6.2|— .221— .30/— .25] 4,1] — .06 a3 
I 45.9|+54 50 | 8.2 |B 2)ne | 99 5 6.0;/+ .03 7 + .o1| 3,1] + .21 9.7 
| | 
II4I5 Ss 47.21-703 1% 13 44| Bss | 97.5 2.2i— .I7i~> = .2 2,t1 = .O3 §.2 
11554 1 48.4|+57 24 | 9.5 3(3)¢ | 99.2 3.4] 07|— oo}] 2,2} + I9 | 10.4 
11606 1 48.8/+58 47 | 7.04 Bane ; 98.8 2.0} 10} - To] 2 + .09 8.6 
12301 I 55.6/+63 54 | 5.62/cB | 98.2 3.I1+ .o4]4 + .05| 6,1] + .18 9.9 
12302 I 55.61+59 12 8.1 Be | 99-5} I i} — .09 — 5} 5,1] + .14 9.3 
| | | 
12740 t 59.8|+48 41 | 7.8 | Ba 103.2}—11.3|— = .8S)S + .07 | 10.3 
12856 2 0.9/+56 38 | 8.6 |B(2)ne |100.9 3.6]— - .o7]— .06| 1,1] + .14 | 10.6 
1288 | 2 1.1]/+64 33 | 7-54) B(2)ne | 98.¢ o| |— .o1] 2 + .19 | 9.2 
12953 | 2 1.7|/+57 57 | 5.g0\cA2ea I 7 i+ |+ .06} 2 + .11 | 10.6 
13051 2 2.6/+56 31 | 8.7 | B(o ne IOI. 2 '.9 —- .07| 3 + .15 11.6 
| | | | 
13267 2 4.6/+57 11 | 6.36)/cB8 |101.3 3.0]/- — .ol| + .12 |] Ir.0 
13208 2 4.6/+55 41 | 8.1 | Be 101.8 1 I1|— 2} 1,1] + .10 | 11.3 
13.47¢ 2 6.61+58 6 | 6.50}cAc 101 2.0]4+ |+ .16} 2 + .26 | 10.2 
1359 2 7.6|+63 34 | 8.0:| Bsp | og. 3.214 : 02} 2 + 19 8.3 
13710 2 8.6/+57 18 | 8.4 | Br 101.8 71— 03|— .o6] 1,1] + .15 | 11.0 
= 
13744 2 8.9|/+57 50 | 7.8 |cAc jror.¢ 2 + 20 14 20} 2 + .30 |] 12.2 
1374 2 8.9}+55 | 7.96] Bin I 1.3 og | ” oo] 3 7 232 10.7 
MW 2 g.o]+56 3 10.3 Tr I I 3.4 I+ .o8}+ .08) 1 P .£F tees cen 
13831 > 9 .7/+56 17 | 7.9 | Bo I 3 3. ¢ 14 14| I + .o8 | 11.2 
13841 2 9.81+56 3 7.21\cB2 I 3] o7|— .o7|— .07] 3,1] + .13 | 11.8 
13854 > 9g olt+s6 36 | 6.4 cBrea 3 o4]— - 04] 3,1] + -17 10.7 
1350 10 O} +50 1 7.4 icbB 102.3 i oo} I 7 34 II.9 
13969 | 2 10.81+56 38 | 8.7 | Bz 1102 | }— .o8 1 + .12 | 10.9 
1307 | 2 10.8|+56 11 8 Bsn | ( 07] 07| I t .I0 9.4 
1401 | 11.1} +63 58 7.05/cB8 9.8 8 10 | IO} 2 + 23 10.9 
| 
14 } 1r.4/+56 33 | 8.3 B2 1102.4 3] 07] 07} 2 + .13 | 10.4 
14134 |} 2 12.1]+56 40 | ¢ 66\cB3ea |102.4 3.1 03 O2/+ .03] 4,1) + .22 10.6 
14143 | 12 +56 43 | 6 66\cBr \I { ; 1} + o8/ + BSiT CCF 3,81 “3 SF 10.3 
MW |} 2 12.4/+56 37 9.6 Bne lt ¢ 3 2| 00} oo} I + 19 are 
14220 12.9/+52 5 | 7.04] B5s 104.1} | 12 =“ 2| 2 + .05 8.3 
| | | | | } 
14 2133 6l+ss 52 | 8 1 | B2 lI 9 3.8] | 2 + .16 | 10.3 
14322 2 13.8|+55 27 | 6.84/cBo }103.1 | 0° 2 7 .32 | 88.5 
MWC3 2 14.2/+56 51 | 9.7 Be it ¢ 2.8} | I + 19 
14372 2 14.2}+46 51 | 6.08] B7 \I , 12.2 14 2 00 7.2 
144 is Haak 17 | 6.54lcA2 t02.7| o}+ .13] 2 + .18 | 10.8 
| | 
14434 2 14.81+56 wa 1 | Ba Ire 9 3.2 I + .1t | 10.6 
14442 214.91+59 6] 9.3 | Bo l10o1.9 7 } 2 + .26] 11.4 
14476 2 15.2|+56 49 | 8.8 | Bo j102.8 8 I + .22 | 11.2 
MWC41 2 15.31+56 50 | 9.7 | B(3)e 1 8 2.8 | I + .2r | 10.4 
144890 2 15.3/+55 23 5. 22!\cA2 |] 3 1.2] 4 3 tT -O9 Io. 
} | | 
14535 2 15.8|/+56 717 1102.9 2.8]-+ 2 + .26 | 11.1 
14542 2 15.91+56 56 6 95} Bo lro2 8 71+ I,tl + .29 10.4 
MWC 43 2 16.2/+57 4 |10.0 $¢ }102.8 2.5 I C0 Becca 
14605 216.5/+56 8 l1o 2 |B(2)ne_ |103.2 3 4 I + .35 | 10.8 
14633 216.7|+41 2 | 7.3 | O08 108.9] —17.4]—o 4,1] —0.07 | 12.3 
| 
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TABLE 3—Continued 


HD rs m S 





19 19 | 
M W Me 
rAhr8 Nn } I ¢ cBiea I 3 > 
14951 19.5 I ) 5.53} Bn 125.8 1.9 18 18 
1950 2 19.¢ 57 1 32] Br I 2 16 I 
MW Ig.¢ 6 390 ».9 B(2)ec 103.4 s I 
I53l 5 57 7-3 cAz I 1.9 I 
I 56 27 ) Bone 104.1 I I 
: r 7 Is 7 B7s S I.9 i 
I 1}+6r 1 7.82) B I { I .¢ I 
; 8 B : 
1 I 2 6 8 B 104 r 
| | | 
1 8} + 8 ¢ Bz It 9 | 18 18 
; 6 = 7 9 B3 I 18 15 
I< 6.8 8 8 8 Bo I s I 9 ) 
1578 7 60 6 | 8.41] B ; 8 8] 1 


1624 31 8 B2 I I + .I I 11 I 

MW‘ s I Be I 8 I I 

1658 { Bas I 

16778 ) 1\cBo I ) I 
2 ¢ I 58| B3 119 7.9 I 

I 8.1 7 B 115.8 I I 

17 ) I B I ~ 8 1 , 

I 5 ) I I B 159 ) 1 i¢ I 

1708 ) 19 B I I 

171 I 8 B I i 


18 I , B 
18 ted B 
I ) I 5 B ’ 
5 ] B81 90 13 
5 ' 8 31 B I 11 I 
188 <7 7 B 11 I I 
19 7 Bar I 
19 ) I I B 110.9 
19 ; £2 B I I 
) | Bs 111 I 
198 ( - O8n 107.8 
7 ») ) Bne 11 5 5 I,1 
I ) cA I 
I ).I ) 4l B2¢ I s ) 
rt i 5 B71 11 I I I 
II 714 B I 7 I 
Ir.5 ) 51 B 113.4 I I I 
18 3 1 ) 43 8} B i! I 7 
I 17 I B7 131.9 8.4 I I 2 
809 16.1 8 51 B 114.¢ ( I I 
I 18.9 5 o1r| B8& II { I I 
I ¢ »| 8 B2¢ I 7 I 11] 1 
5 9 18 43 1.94! I tI I 
21291 I ) cBo 109 I 
1362 7 19 31 B&r 115 
1359 1.9 5 cA .8 ) I I 
I 5 3 2 ) I ( B I 1.5 I I 
1448" 14 B 117.9 8.4 ' 
I 2 10 B6 11 4 6.8 I 1] 4 
2148 3 22.7 30 2 7.06) B3 |127.0 20.2|+0.11 Oo.11; 3 | > 
| | | i | | 
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, ee ee 












































| | 
| , | | C: } | 
HD R.A Dec L. m SPEC J } b ated Nea) Xn —| No E, lmo—M 
| 1900 Igoo | | a | 
| } M | W Mean | | 
21050 | 3h24m6|+41° 25’| 7.15| Bsne 0.09 |—0.09; 2 | +0.08 8.2 
1803 | 3 25.8/+44 32 | 6.33] Bas 08 — 0m 2 | + .¥2 8.5 
21856 3 26.31+35 6 5.80} B3 —- .14 - 14] 3 | + .os 7.6 
2219 } 3 29.4| 747 SI 4.26] Bsne - 14 14| 2 |4 03 5.6 
2253 | 3 29 9) +56 23 | 6.79] Bin >. Om ” ” 2 | ae 9.2 
| | | | 
| 3 30 sl+54 so | 7.8 | Bane |112.9}+ 0.5|+ .09}+0.05/+ .06] 1,2) + .26 | 9.0 
| 3 3r.9/+6r 31 | 9.5 | Bane 109.1|\+ 6.0/+ .o4 0412 | + .2 10.8 
3 34.6/+37 16 | 5.57] B8nn_ |124.3|—13.0 12 - .12} 2 | + .or 6.3 
| 3 35.8)+47 28 | 3.10] B8n 118.1 ¢.81— .16 16} 2 | = .03 4.1 
| 3 36.0]/+33 39 | 5.04) B2 |126.9|—15.6 10) 10} 2 | + 10 2.3 
3180 | 3 38.o]+a1 5 3 94} B2 }128 4]—16.6/— .08 — .08| 2 + .12 6.1 
3193 | 3 38.11+36 9 | 5§.s7\cA3 1125.6 13.3 oS] oo|— .02] I,I| — .or | 38:2 
88 38.91+23 59 | 5.43) Brn 1134.1] —22.5|- 11| II} 2 + 03 6.3 
23302 39.0/+23 48 3.81) Bsnea |134 6 13 13} 2 + .04 5.1 
2238 | 3 39.3|+24 10 | 4.37] B8 1134.1 22.3 14 | 14| 2 — oO! 5.2 
} 
3 39.9|/+24 4] 4.02] Bos 1134.2 22.3 13 - 13] 2 — .O1 4.5 
3 40.31+ 5 44 | 5.36] B3 1149.3|—35 16 16| 3 + .og | 9.4 
2347 3 40.41/+32 oO] 6.51] Bsn 128.7| —1¢ 02 02] 2 + .15 2.2 
348 3 40.4/+23 390 | 4.25| Bsne 134.¢ 22 12 as Eres 5.5 
3625 | 3 41.5}+33 18 | 6.36) B3 128 15.1 02 02) 2 + .17 7.4 
| 
23630 | 3 4r.5/+23 48 | 2.96) Bsne 134 2 15] — .15| 2 + .02 +.4 
7 3 41.Q9/+52 21 6.760| B 115.8 °O.4 o8 Od} 2 t 30 3.6 
3 42.81+10 50 | 5.03} B 145.2|—31.2 18 18] 2 + oF 7.2 
3 42.9 52 11 | 6.8 s2n 11¢ °.4'4 ol + OI} 3 t 21 8.4 
3 45.51734 c ) £78 $2 128.2 14.0 03} - .Od| 2 + 12 7.9 
| | 
119 ; 46.0/+33 53 | 7.40) Bs 128.4)—14.1 of — .06} 2 + .IF 8.3 
98 3 47.8/+31 35 2.o1\cBr 130.3 15.5 O O4! 2 + 17 7.2 
131 3 48.11+52 21 6.70) O8 116 ) ° OO} 2 + 23 9.0 
$432 15 +48 45 7.02| Bss 118 9 5 9 feYs) + .26 6.8 
$504 3 48.8 so 3¢ 5.34| B71 119 3 12 12} 2 + .02 6.3 
, : 
19.11+30 45 var.! Bone 131 15.9 O4 + .04] 2 |(+ .26 
3 50.0\+34 47 5.48 $3 125.4 12.5 12 4: 2 iss O7 7.3 
3 51.1} +390 43 | 2.96 Be I Q.¢ 20 20} 2 | fete) 6.0 
3 §2.51/+35 3 4.0 Ov7n 1285 I ) I4 I4} 2 og 7-9 
Q 3 54.1/+62 9g 7.28) Brs 11 8. 2\+ O4 O4!] 2 + 25 9.1 
| 
: 3 55.1; +12 12 | 3 | B3 146.4 8 17 17| 3 T .02 5-4 
2534 3 50.5 Isols 256 $7 15Qo.7 3 3 16 mG; 2 ft = 0o2 60.5 
18 3 56.61+53 3 8.4 3(1) ne 117.0 1.¢ ° 26 o4| 2,2] + 17 10.8 
2 3 §57.4/ +61 48 | 6.75 30 Irr.2}/+ 8 t 02 + ©2| 2 t 24 9.0 
3 §538.1;+44 19.3 32 123 (3) I OI|] 2 t 19 Il.o 
| | 
) 3 58.3)/+32 18 | 6.70} B 131.4 53:8 06 06] 2 + .¥3 8.0 
5 3 58.41+ 5 O15 Bs 153 1.9 15 15] 2 + .02 6.8 
3° 3 59 1|+62 4 7 Bon III. 2 8 o8 08! 2 + .30 8.8 
78 4 O.2;+51 11 7 49| B3 118.7 6 Il II] 2 + o8 9.1 
7909 + 0.31+32 6 | 6.87] Bsn 131.9|/—1 08 08] 2 + .09 7.8 
| | | 
25833 4 ©.6/+33 11 | 6.61] B3 131.2 12.5 08 28] 2 + I 8.0 
59! 4 1.2/+56 50 | 8.1 |cB3 II t 4 fr .ESb+O.231-+ <33) 3,91 “SSE BBs 
5940 4 1.4)/+47 27 1.03, Bane 121.4 2.0'— .14 14) 2 | + .035 5.9 
2035¢ 4 5.0/+83 34 5.39; Bsn 05.5 23.9 14 14] 2 + .03 6.8 
204 4 §.7)F4I §2 >< $3nea j|125.8 5 07} 07; 3 | Tt 12 9.0 
| 
2 1 8.21+75 52 | 6.63] Bsn 1or1.7/+18.8 14} 14] 2 + 03 8 
; 8.6 24 6.34) Bs 161.4 3 12 121 2 | + .O§ 7.6 
26906 4 10.11+45 58 7.9 | B(3)ne 123.5 >I 06} 06} 2 | + 13 Q.2 
gl 4 10.1/+ 8 39 4.32) B3 152.1 { 14} I4| 2 + .05 6.2 
19 4 12.6/+50 41 | 5.54] B3n 120.5|/+ 1.¢ 12| 12} 2 | + .07 7.2 
| | | 
4 14.3/+46 16 4.89! By 123.8 5.3 13] 13) 3 + .05 | 6.4 
4 18.21+45 56] 7.16) Bas 124 “e 02} 02! 3 | + .22 | 7.0 
4 21.0/+ 8 22 | 5.99] Bsn 154.2 25.4 10] 10| 4 | + .07 7.1 
4 21.3/+22 4 5.41! B7n 142.2|—16.3/- 14] 14/2 | oo | 6.5 
28446* 4 24.11+53 42 5.86 Bon 119.5i+ 4.9, —0.08] 0.08; 2 | 


vere 8.8 








3° 








29703 
29866 
30070 
Z0112 


30211 


MWCo1 








3 

3c 
677 

205830 





1327 
31331 
31617 


32446 

32451 
326012 
32030 
32041 
320560 
32072 
32086 
32990 
329901 


3305 

~~ * 
534“ 5 
33232 
3332 

33401 
22004 
33955 
24078 
3407 

34035 
34233 
34251 
34333 
34503 
3457¢ 
345795 
1626 
pre 

3405 

748 
34759 
24816 
34510 
345 

34921 
34959 


| 
| 
| 
| 


Aan 


an 


19 
49 
19 


59 








Igoo 
[3 17 
3 33 
0 48 
$7 43 
2 10 
10 3¢ 
o 41 
O 23 
2 20 
$I 3 
66 1 
43 24 
Oo 15 
< 2 
9 49 
2 17 
3 } 
3 I 
Ig 
$3 I! 
I4 4 
}I 7 
<8 
2I 
I4 3! 
tI ) 
26 17 
35 2 
3 II 





IQ 
I2 
19 
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TABLE 3 


1 SPEC 
5° Bane 
12} Bas 
22} BS 
89} Bs 
s | Ba 
33| Bsn 
10} B4ne 
87; Bsne 
8) B3 
18| B 
8 Bone 
28) Oose 
37| Bsn 
9 | B 
78| Bas 
8) Bsn 
85} Bos 
36 \oe] 
18} Bas 
86| Be 
5 
& 3 
B 1 
35 
a1] Bae 
97| B 
I 35 
35| B 
8| Bg 
sn 
Bsn 
B 
5 Bs 
B3 
) Bane 
B 
I B2¢ 
17| B 
2 | Blade 
B3n 
9 | B(x) 
2 $2.56 
o4| Bsne 
81| Ogss 
cBS 
Bs 
s2n 
6| Bs 
68| BS 
8} Bsn 
r6\cA 
B 
711 Obst 
t B32 
I B7 
g| Br 
»} B8n 
»| Bone 
11} B3 
71| B 


15¢ 
I 
14 
13 
105 


ISI 
I 
14 
I1d 


I4 
149 
149 
1 3¢ 
1260 
133 
17¢ 


129 
139 
I 

I 

I 
1365 
175 
138 
I4 
128 
13 
171 


182 
ISI 


166 
102 


Continued 


} 
b 
| 
| | 
| 
3 35-9 
O 29.9 
Q| — 27.5 
I 23.9 
31+ 8.5/4 
5 3.3 
7 I 
3 0.0 
' 6.1 
2 7.9 
9 7 
} 14.9 
5 4 
x 19 
23.1 
a ae 
0 I 
) 24 
{ r.7 
I 
11.5 
I 4 
8 4 8 
) I 
7 9.3 
PR 
3 
I 9 
( 
} ) 
9 } 
t 
19 
5 Q 
1 9 
> 33.9 
12.8 
I Q 4 
I 0.7 


. rf 
19 

4 

} 

1 8 

5 2 
160.5 

s]}—-14 1 


HUFFER, AND 


Is 
14 
I4 


II 
I 
1¢ 
) 
I4 


I 
I 
14 
If 
I 
I 
1¢ 
I 
Il 
I 
if 
[2 
I 
rs 
is 
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| | | | ‘ 
| | roe 
| } | fs 
, 2 Mo—] 
HD | R DECI m | Spec. | | b | No - o—M 
} Igoo Igoo | z 
a el | | Mm | W | Mean 
——| — cea 
5007 shr6ms 0°31’| 5 65) B3 170°3| —18°6| —o 18] 3 +0.01 7 : 
oar 5 7 »9 | 65| B 17 18.5|— 19] 3 (ole) 6.8 
3 390 5 160.7 Oo 29 } 5 3 7 3) . i ae aca 
1A 5 17.61+ 3 27 | 4.99| B3n 166.9) —16.4|— 20] 3 ‘ 
35149 7 je i =. Dieu an S$ z— 22| 2 — .03 8.0 
35200 5 15.0 Oo 15s 5.04 938 }170.3 I 3| pe oa 
37 5 18.9|—-14 1 | 5.17} B3s 5] — 24.2] 18] 3 + 
53 | | | | | 
113 - 3} 2 + .1 10.2 
5345 5 19 ol 26 a2 | 34 $2e 1139.8 1.4 O3) » | rs 
o (i B2 1152.3] 6.9\+ 02! 3 + .22 8.3 
( 5 19.3 20 30 ». 53 928 §2.3 ) | : 
ans | 6.6|- 14] 2 + (05 8.2 
5407 | 5 19.4/+ 2 15 | 6.32] B3n 1168.2] —16. 6] 2 8 
<4tl 5 19.4 > 29 | 3.44] Be 1172.5|—18.9|- 22| 4 foe) 7.3 
54 5 } 2 14] }172 | 3 
; 39 5 19.6/+ 1 45 | 4.73) Bane 168.6|}—16.8 x 2  .03 6.7 
254 
| | | | ‘2 
5 - ° 
68 5 19.8i\+ 6 16] 1.7 Bas 164.6 14.5 24) 2 04 ; . 
3 . ‘ . 
5 20.3/+16 36 | 6.18) B3n 155.8 8.9 16} 2 03 é 
‘ 2 | 7 B 71.8|—18. 2] $712 + .02 9.4 
2557 5s 20.6 wel ay 3 j171 2 > ae 
. > 2 -_ 
88 5 7 25 6 02] B3n 17 17.2 20] 3 3 
355 3 ~ 
( 5 20.8 7 | 5.72|cBo 1144.5 1.3] 02| 2,1 Io | 10.5 
| } | } 
3 7 } 2| + .20] 11.0 
610 > ane) 34 41 | 8 Bo |140.7 I. 3) 02) 3 H os 
| | 5 | 
, >1.11+34 27 | 7.0 | Bo 140.01+ 1.1 o1| 1,3 2 . 
ie) « + / } “: 
? Fi z.s Bis 14! 8 04] 3 ft .17 9.9 
3 5 21.2 ee) a4 { | | 3 Bie te 
sO71 5 23.3 37 52 1 §.3at) BS 154.8 8.0] 14| 2 t = Se 
5708 5 23.6 21 51 1.8 B3s 15! | 19] 3 7 
7 | | 
| } | } } a ‘ ain 
715 21.6/+ 3 0 4.66) Ba 1167.8 8.9 = 2 er is 
, } 607.2 2 Ua i 
( 5 21.9/+ 3 45 6.61 43 16 I | 10 ‘ os 
77 2 27 | 6.56) Bsn 172.8|—18.3 17| 2 ° 8.2 
S : ‘ ‘ , are Q 12| 2 + .O5 8.6 
358Q9 5 22.8 14 7 B 172 18.1 + fie a ig 
35901 Oy 2 3s 0.3 B3 }109 0} i¢ 3} — Ie 2 ) 
| 
. bo on > 
I 5 23.0 18 | 6.71} Oo 14 r.gi- 3 g 7 
- - 4 ¢ 4| I - as 6.2 
I 5 24.2|/ +12 12 ) 38 I 10.4 S 
B8 | ( 2 + .O1 7.6 
Or 5 24.3) 7 20 39. | Oe j153 , + .05 8.7 
61 5 24.41+ 3 317-5 B }168.1 15.1 2 fig a2 
6151 5 24.6 7 21 6.55] Bs \177.7| o.1}— 2 ‘ 
| 
| 
| | | a oe n 
Of § 24.717 } 67) B3 169.4 I - 20] 2 ms ? : 
‘ ml 9 4 2 
5 25.4/+12 I 7 B3 100.4 I - 17| 2 : . 
5 | + 5 | Ban 165 13.5 17| 3 
Q- © 26 34 5 | 9 3 I4I.I I I2} 3 ¥ O7 ig: 
s 5 5.5 7 31 | 0.24 33 1758 19. 9|- 20} 2 Or 3.5 
_ > | | | | 
, | »| 2 +. ” 
5 25.9 I4 51 6. ¢ B8s 1s8 8.7] 12} 2 1 Or 7.4 
* Q| + 16 7.9 B 1681 r4.71 23| I — 64 10.4 
. 3 , ° 
I 26 + 3°13 5.52| B3 168 14 22) 2,1 03 7 : 
71 6 L259 S8ic Ba lr4 7] 00] 4 + .19 9 
; , ; } | ? r ¢ 7.6 
(i 6.2 6 54 7.11} Bs5nn 147.8 235i OI} 2 16 7.6 
20.5 6 4 $35 177 19.4|—- 19 _ 19] 3 core) 5.2 
r I < 26 61+26 4 32 148.1 2 — of 12| — 10] 3,2 + Io 10.6 
# | | 4. s 2 
Q 6.9/+36 24 | 8 3 4 2 04} I+ .o4] 4 25 10.2 
s 6.90 22 2 30 /171 16.3 23) = 23 6 — .or .5 
; - > a - 
I rl 7 B2 178 19.5 18 }— .18] 2 02 7-5 
| 2 | | | 
7 5 27 +23 16 | 9 3 151.0 o|— .o1 or} 00] 2,3} + .20 | Io 6 
( 7. 15 20 $3n¢ 155.1 O.45— 31 = a3. + .6o ee 
)I oe I 4 Bas 172.8 16.7] 20} — .20] 2 fore) 8.3 
81 1 48 B3 17 16.7 19} — .19] 2 fore) i 7 
( i) 14 15 5.58] B3 158.8 8 16 i— + 16} 2 + .03 7.6 
° | | | 
| } | | 
669 5 28.5 I 14 5 Ben 172.5 160.3 21] = 21 2 ol e. 
| > —_ 
I 5 s 8 I 6.42! B 17 15.¢ 2 | 20} 2 03 . - 
) 1 ¢ 6.18) B3 172.5 10.1 18 — .5ay-a + .Or 8 3 
S1 »Q 8 8 B I 7 I 15 — .15| 3 + .04 7.2 
: . ) 4 . | | 
322 9.3\+ 9 25 Boss I I 10.8)— .18 ‘ 18} 2 + .04 8.1 
| } | 
| | . 
68 +3 " 711 Bs 166.5 12.8 14] I— .14] 2 + .03 8.1 
3038 5 29 05 3.660) OS i¢ 5 I 5 22 = 22) 2 + .OF 8 z 
8 9 I 7 Bz 153 4.5 06 — .06) 4 7 .34 9-5 
5 30.1 31/68! 8B 172.3 15 8 | i8i— 1] 1 + .o1 os 
00 5 30.1 6 1.67} Bris 177 18.3} —0. 24] |-° |? —0.03 8.5 
} 
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4125 
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TABLE 3 











Dect m SPE l b 
Ig0¢ 
— 4°29'| 6.28) B 17 
+ 34 | 6.54) B 17 
- 4 54 | 4.65] B 17 
S 27 5 9} O7 17 
- 6.29] B3 17 
5 ) I Oo 17 
5 50 2.87) OdSs | fe) 
3 19 B3 i¢ 
4 54 7 B3s 17 
I 1¢ 1.75\cB 172.9 15 
1 29 | 6.98) B3 Heat © 
© 23 ¢ B3 17 
| a 3 B3 { { 
6 8 “£. Bis 1 17 
8s ¢ o| B3 9 I 
| 
¢ B3n 177.4 17 
5 7 B3 I s|—I 
4 52 6.3 335 I 4 17 
” 35 I zit Cd 
gl! 6 B3s 146.8 
E I 6.74| B3n r73.% 15 
5 ire) B3 149.6 I 
2 390 3.78) Bo 174.5 I 
6 32 5.9 B 178 1 17 








9 4¢ Bs 181.2 18 
T43 18) B 135 5 
+16 29 871 B I 8 

2 Bor 174.1 I 

25 6.07| Bz 174.¢ I 

I 11 B 173.4 14 

18 | 7.8 B 174.5 5 
23 =I ot B3 152.3 2 

25 ( Se Bane 15 5 

21 5. ¢ ine 154 

I 5 B3s I ) 

12 >| B8 162.2 

ra) cB 182.1 I 

} 5 B 3 18 I 
8.1 Banc I 7 I 

2 3 8 Bone 15! I 

3 817 Bsr 147.3 

? 8 Bane I 8 I 

19 »| B I I 

I Be 9.9 
B I 3 
I cBo I 

I I 1} B3 9 

25 Be I 

460 31 1] Bs 133.6)/+1 

{ ( os Bane 134 I 

2C 5 { 1i\cBrea I 1i7 

oe | 1} Ogn 132.5 14 

2 7 Bs 172.6 7 

r¢ 7 Bsn I 5 


5 7 5 149.9 5 
+42 41 RR Rs 137.8 I 
62> 2? 8 Bon 119.2 A 
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] 
| | | C: 
HD R.A. | Dect. | | seec.| 2 | & [7 [_ No.| E:  |mo—M 
1900 1g00 
| M W | Mean 
| | . — = 
41602 | 6b m6) — err" | 5.37| Bs |179%2|—10°4] —0 20} 2 —0.03 7.2 
41753 6 1.9)+14 47 4.40| B3s 1162.5|— 1.2)— -22 3 — .03 6.8 
41750 6 1.9|— 3 20 6.75| Bs 1178.5|—10 o) — 14| 2 + .03 8.1 
41814 6 2.2)—11 10 | 6.38| Bs 185.6]—13.5|— 18} 2 ae 8.0 
41943 | 6 2.90\+13 59 | 7-4 | B2 1163.3} r.41— 14| 2 + .06 | 10.0 
| 
| 6 im 6 31 9.0 | B3 [181 | II +o0.01 I + .20} 9.8 
16 3.7\+23 8] 5-76] Bas lrss alt 3-2]/— -95 4 + .15 7.7 
| 6 3.7|\+20 31 | 7 40| O6 1157.7 yt. -5S 3 + .10 | I1.2 
16 5§.1;+13 40 | © 67| B3 [163 9) 1.1j— .12 3 + .07 8.4 
| 6 5 3} +21 36 | 7.6 | B2 \#57 oj+ 2.5 00° 3 + .20 9.2 
| 
| 6 5 4l L20 56 | 6.86) B8s lrs7.6|+ 2.5|— -03 2 + .10 7.0 
6 6 2| +16 9 4.92) B3n \r6x 8 0.3|— .20 2 — .or 7.2 
6 6.3;/+14 14 4 35] Bann {163.5 0.6|}— .20] 2 — .o1 6.6 
6 6.4|/+20 7] 9-4 Bone rs8.4|+ 2.3|— -02|T 2,1] + -24 11.6 
16 6.5|+ 7 26 | 6.91 B2 169.5|— 3-8|— -17 I L .03 | 9-7 
| | | | | | 
42055 6 6.8|+10 22 | 7-43} Bs 1167.0|— 2 3|— 14 2 + .03 8.8 
42690 16 7 o} - 6 31 | s.og| B3s 1181.9|—10.3|— -29| 2 — .o! 7.4 
13078 6 9.2|+22 20 | 5.9 Bo \156.7|+ 4 o} 00|+ 2,1) + .25 | 11-9 
43112 6 9.4/+13 53 | 5-9F] Bas 1164.2]— 0.1] 27] 5 — .07 9.3 
43285 | 6 10 3;+ 6 6 | 5.95 Bsne |171.1|— 3 6|— .18] 2 — .ol 7.6 
| | | 
43286 6 10.3\+ 3 59 | 7-45] B6 2 o|— 4.6]/— .20 2 — .04 9.1 
43301 | 6 10 4 + oO 51 | 7.19| Bsnn_ |175.° 6 1|— 16] 2 + .o1 8.7 
43317 | 6 10.s|+ 4 19 | 9.44} Bs \17 4.1}— .16) 2 + .o1 8.0 
13334 | 6 10 R1+23 46 | 6.26\cB3 5 .0| + ol 2 + .20 | 10.4 
43703 | 6 12.6|+23 3 | 8.9 | B2 j156.5|+ 5.0) 03\+ 4,2| + .24 | 10-2 
| | 
43753 ee ae 2| 81 | Br 156 “14 ‘a 0o|— 2,2| + .18 | 10.4 
43515 1 6 13.2|)+23 30 | 7.93 30S 156.2|7 5-3] oo} 4 + .22 9.4 
438360 6 13.3|/+23 19 | 7.93 Bo 156.3 5.3i+ .11 2 + .23 5.8 
44112 1 6 14.9|— 7 47 | s.13| B3 184.0|— 9.2|— -19 3 fete) 7.3 
44172 1 6 15.3\ +14 45 | 7-29] Bs 164.1;+ 1.6|— .18 2 | — .or| 9-° 
| | 
14173 | 6'1re.3/+11 47 | 6.43] Bsn 166 — 0.2|— .10 — 2 + .o1 8.0 
14458 |} 6 16.8 II 44 | s.49| Bane 187.5 10.6) — o9| _ 3 + .II 7.7 
4037 1617.7|/+15 9 8.1 B3e 164.0}+ 2.3} oo} I + .19 9.0 
447 | 6 18.0)/+ 3 19 | 6.25| B3s 174.0|— 3.0|/— -17 - 2 + .02 8.3 
, | 6 18.0} 3 14 | 6.58] Bsn 180.3)— 6.4|/— -10 _ 2 + .o1 8.1 
} | | 
44743 1 6 18.3|/-17 54] ! ggicBr 193.6|—12 9| — .18}- I + .03 7.3 
15166 16 20.8/+ 8 3| 9-7 ( 1170.7 >.4 i— .15|— 2 + .08 | 13.6 
45314 | 6 21.6/+14 57 | 7-09, Bane [104 6|+ 3.1|— .06] ~ 3 + .14 9.1 
45321 6 21.6|— 4 3 6.07| B3 181.9 6.2|— .16 - 2 + .03 8.1 
45418 | 6 22.11— 4 17 | 6.88 Bsn 181.7|— © o|— .16) _ 2 + .ol 8.4 
15542 | 6 23 5| +20 17 4.06} Bsne l.6 i+ 5 j 17 — 2 foTe) 5.7 
45540 | 6 23.01— 4 42 | 4-98] B3 }182.2 5.9]/— -19 — 2 foTe) 7.2 
45 | 6 23.7|—-13 7.40| Bep 1189.7 9.6|— .10} “ 2 b .Cbike dave 
45 | 6 24.0/— 6 55 4.73) Bane 1184.3} 6.8) - 18] _ 2 + .o1 6.9 
45527 | 6 24.917 9 6 6.495) B8 + }17 2 = °7| = 2 x 06 6.9 
| | — 
15QIC | 6 25.2| < s7 | 6.70| Beq 1173.1 0.5 00 2 + .19 wee 
45005 6 25.6/+11 I9 | 5-93 Bane 168.3|/+ 2.2|— -10].-- — 2 + .04 8.6 
46050 | 6 26.0/+ 4 54 | 7-96] US 174.0|— 0.5} o4]— -07|— 3,1) + -17 | 11-3 
46004 | 6 26.0/—13 5 | 6.009| B3 \190.0}— 9 | 16 - 2 + .03 8.1 
46100 .| 6 26.314 5 | 26| Bo 1173.9 >.6 fete) I + .22 | 10.4 
| | | } | | 
46140 1 6 26.6 < 6 | 7.66} 08 1173.9 °.6|/— .0o9 — 3 + .14 | 13.2 
40150 6 26.6\+ 5 6.80) OO 174.0 ».6}— .04 = 2 + .19 | 10.0 
sO185 |} 6 26.8 12 3 6.760| Bs 189. ¢ 8.7|- 18| |— 2 = O82 8.4 
4620 | 6 26.9 - 2 | 8.16) B2 174.0 0.5] - 10] — 2 + .10 | 10.5 
46223 | 6 27.0 4 53 | 7-14] O8 1174.2 0.6)— .04] |— 2 + .19 | 10.3 
| } | | 
46300 | 6 27.5\+ 7 24 | 4.50jcAo 172 >|4 o.11= al & 13| 3 — .03 | 10.2 
36328 6 27.6 23 21 | 4.35 Bis 199.6 13.3] | - .2I|— .2I| 1 oo 8.0 
E259431 | 6 6|+10 24 | 8.9 | Bae 169.4|+ 2.2)— -11] — .II| 3 + .og | 11.3 
| 6 27.9/— 7 20 | 8.3 B2 185.2 6.1|— .03|+0.01| oo| 1,1] + -20 9.9 
| 6 28.1/+ 8 24 | 8.6 |B(o)ne [171 L 1.3}/—0. 16] —o " I +0.06 | 12.1 
| | | | 
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| 
HD | — | m | SPE | | b Ne I 
| M W Mean 
40455 Qt 6 4°36’| 8.4 | B2 17 6 I 
40457 6 25.0 I 9g | 5.02} B3n 179.7 a 19 19 
1057 6 290.1 2 36 8.5 32 176.4 I 
16769 6 30.1 0 58 5.69} B3s 178 7 I I 
$0553 0 3 7 ro 232 | @.!2 B2 1609.6 2.96 
{O09 Go 3k .2 6 10 7.3 90 I I 
$7032 0 31 $ 40 5.7 5 } } 1,1 
17129 0 2.0 0 13 6 I.2 I I ? I 
$7240 O 32.5 Sie 0.1 3 I 
$7299 0 32.5 S 34 5.4 7 fi I 14| I 
17305 6 33.3 8 21 ¥.% I I ) II I I 
17395" 3 { 8.3 B2 I I I 
I 3 7 Bz I 1.3 I I I 
47431 0 33 + 47 B I 8 I I I 
174 se I I 8 I I 
17761 I | 8.4 | Bo 183 3 I 
47539 ( 35.5 9 68) OF 17 
$7557 0 35-7 ) 7 B 171 3 21 I 
$7901 6 36 > 57 Bss 170.7 . I I 
$5035 6 30.3 I 8| B 19 . . I 
8000 6 3 ¢ Oo 173.9 18 18 
y521 ) 37 ( 88) I 185 { 
$5279 0 5 I ) 7 Os 178.1 
Raza » 38.3 78| B 176.2 1 I 15| 2 
R< 28 8 B I I I 
8879 ¢ 5 7 4! B 114.9 8 I 
SOI 6 40.7 7 B I 8 1.4 I 
$5077 ) 41.1 8 4 B I I I 
034 6 42.9 9 13| B7 113.¢ if I 
19567 6 43.90 I B 179 I 19 ) 
19787 15 5 2 Be . I I I 
19883 I2 29 B 1g! 
49977 ¢ 5.9 14 I Bane 3.1 
005 I 76| Bae I ) 1! I 
I $0.5) —1 8 B 19 ; I I 
8 I 6.99] Bs 19 14 I 
F 19 2 ¢ B 19 
520” 19.7 1 38 | 6.2 B Fnj18 I I I 
5I 6 51.9 158 2 7.1 Bane I I ) 
5148 6 52.4|—1 1 | 6.97; B8 190.9 
SIs 6 5 7 1 7 Bo 147.1 8.8 I I 
5 22¢ ¢ | 40 9 Ban 186.8 7 I I 
52382 6 55.9 » 4] 6.36) B $9 8 
5 ) 6 56.¢ 5 { B I I 
721 } 57. 81-15 69 B 3 191.9 I 
52312 6 57 7 Bo } 8.8 I 
52918 6 $7.9 )} Ban {18 
53179 ¢ ) II I Be 19 5.4 { 
5 6 50.7 10 I Brne Ig!l.4 (i ( 
53425 9.9 5 B2 19g 
( 7 Oo II 7 Bs 1g I II Ir) 1 
5 7 * @.4 8 7 | 08 19 5 
39 7 2.0 rr 8 8| Ban 19 I I 
7 2.0|/—12 14 Bsp ) 1.0 19 19 
5 2 7 4.¢ 10 II OF IQgIl.9 ( I I 
513 6 .¢ 10 16 I 1k 19 1.0 11 11| I 
55538 8. 2 15 19 8 196.8 1.1 I I 
5679 7 9-7 Ic 5 ) 192 r.¢ °) 
55835 i I5 I ».4 196.9 8 
sOsot | 7 I j Id ) > 4 Pe 





S41 
iI 
II 
IW 
F 
) 
19 
) 
I 
) 

I 
‘I 
I 

O88 
I4l 


HD 


oy 
14 
7 1 
e RS 
7 10 
17 
18 
S 
I 
7 31 
3 
I 
a 
” ey 
) 
d 
Q 
% 38 
8 39 
51 
8 sg 
y 
Qg 12 
» 17 
9 
J 
Q 4! 
» 57 
I I 
I 15 
10 
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Dect 
19 
15 

} } 
$ 47 
3 40 
1S 
10 ) 
31 
9 
22 3 
15 it 
Q 
13 } 
13 40 
21 
I 14 
14 
17 7 
r4 1 
I 
3 
, . 
I 
I 
1 51 
136 4 
( ) 
15 
6 4! 
26 38 
14 30 
3 46 
13 31 
40 I 
I 
79 42 
7 14 
I 51 
13 53 
8 
9g 45 
é 0 
I 15 
8 
9 49 
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TABLE 3—Continued 











HD 


on OL oe 
| 7. DECL. m | SPEC. | H 


| b PE Pe oe | Ni ). Ey Mo 
1900 | Ig00 | | 


; —@.03 6.0 





















































93152 105403} -+31°13’| 5.37| Bon |165°6) +63°g!—0.15 |—o.15| 2 
93521 10 42.7/+38 6 | 6.89} B3nn |150.1/+63.6)— .26].. im. .201 2 | = °o7 | 9 
3 | | | 
97901..... II I1.1}— 255 | 7-28 B2 }231.8)+52 t]— .17 [= 19} 2 | + 03. | ae 
100600* II 29.5/+17 21 | 6.0 | Ban 1209.6/+70.6|— .20 — 2 2° | = 592 8 
109387 ..«-|I2 29.2|+70 20 | 3.88] Bse or .3/+47.6|— .18] f—.<551S> f=. 0 5 
| | 
113797 --{13 «1 1|/+36 20 | 5.11} Bon +80.5|— .12] i ee 2 | oo] 5 
: | | 
116658... 113 19.9|—10 38 | 1.21| B2 +50.2 23] = 931.2 | — .03)] 4 
120315 .- 113 43.61+49 40 1.91} Bsnn +65.0/— .23 i— _-—-. 23] 3 = GO} os 
123884 114 5 11-17 31 | 9.2 | B2 +40.0 ©.10/— .10] 3 f .10 | IF 
129950 114 40.4/7 I 9 5.54 Bo +50.0|\— 12 | 33) 2 | fete) 5 
| | 
| | | } 
138764 |I5 29.0] — 8 51 5.15| B8s +35.0/— .14 —- .14] 6 oe a 
139892 }15 35.61+36 58 | 5.07| B8n +52.2 18} 8} 2 5 6 
142983* Irs 52.6/—13 5¢ ;.68|) Apea +27.3|— .14 
42953 1I5 | 3 ) 4 I 7 4 } 
143018 Ir5 52.8]—25 50 | 3.00} B3n +19.0 I—  .24/— .24] 2 5 5 
143275.---- Hs 54 : 2 | 2 54} Bin +21 " aij— .2t| 2 | 20 | 6 
| | } 
144200 115 59.6/+46 19 | 4.64 Bo +47.1 18 |— .18] 2 06 P 
144217 1T5 59.6)/—I9 32 |} 2.90 Br +22.3 i= 20 20| 2 Ol 6 
144218 lr5 59.6|/—19 32 | 5.06} Ba +22. 3} I4 14| 2 + .06 | 7 
144470 116 1.0]/—20 24 | 4.13] Ban +21.4 | 17 17) 4 + .03 | 6 
145502 116 6.2]/—19 12 | 4.29} B3n +21.3 - .ERi 12] 3 7 6 
| | } | 
147165 116 15.1]}—25 21 3.08) Br 1319.2) +15.7 10 I 3 + .II 5 
147394 }16 16 7/4740 33 | 3-91 35 39.0|/+44.1 20 | 3 03 5 
888 }16 19.4)—23 14 | 0. 5¢ B3 321.51/+16.4 or}+ .or| 1 7 
89 16 19.4|/—24 14 | 8 B3 8\+15.7 + 31/4 311 1 50 6 
147933* |s6 19.6]—23 13 | 5.22) B3n 321.6/+16.3 O4 4) 1 + 15 6 
| | | | | | 
148184 116 21.2}—18 14 | 4.85] B3e 325 .8)/+19.3 - 2! 3  < 
148546 116 23.7|—-37 460 | 7.58| Be 311.2 5.9 | >2| 2 10 
148605 16 24.1]/—24 54 | 87| B3 321.0} +14.5 - 21} 1 02 7 
4 4 4 |} 4-97 7 
I 363 116 290.1/— § 56] 7.¢ Oo 1337.71+25.2 12|- Is I 2,1 oC II 
49. 3 ) 7.9 337-7 4 ’ ) 
149438 . 16 29.7}—28 1 | 2.91 Bo 1319.4/+11.4 26 26| 2 04 7 
| | | } | | 
149757 16 31.7]}—10 22 | 2.70} Bonn 334.1;+22.1/— .13] }— .13] 6 + og 6 
149881 16 32.4/+14 40 | 6.59) Br 358.9/+34.8)— .19 19| 4 tr .02]} IO 
150475 16 36 1}— 37 39 | 8.6 | B2 312.9\/+ 4.2 + orj}+ .o1| 1 t rT 10 
151397 16 42.0/—39 36 | 9.5 | B2 312.1; + 2.0 + o1/+ .o1| 1 : a 
151985 16 45.6|—37 5! | 3.64) B2 313.9\/+ 2.6 20/- 2 I 20 6 
} | } 
152516 16 48.7|}—21 43 | 8.08) Bs 2}+12.1 07 o7| I + 10 9 
153426 16 54.4|—3 3 | 7.58| Ba 314.9/+ 1-1 5 5} I 15 9 
153855 16 56.8|—31 28 | 6.88) B2 320.41+ 4.7 13 13| 1 + .07 9 
153977 16 57.6|/—24 41 | 9 8 | B3 326.0 8.7 I 10| I + og | tI 
154040 16 57.9|—-39 11 | 9.5 | B2 314.4 ae 7 27| I a7 1 Oo 
| } 
| | | 
154090 16 58.2]}—33 590 | 4 87\cBrea 318.6)/+ 3.0 I >I] 1 20 9 
154204 16 58.9|/—20 21 6.17| B3 329.7|/+11.0 12 I 2 + 7 7 
154445 Ly O.41— © 45°] 5:6 B3 347.0|/+21.4 II I1| 4 8 7 
154450 17 0.41—-35 37 | 8.7 Boe 317.5/+ 1.8 4| + 41 2 + 6 1 1 
154911 17 3.2}—38 30 | 9.2 | Bo 315.5 2) + 02/+ .02] 2 + I! 
| | | | 
} | 
1553360 |17 5.8/- 9.4 B2 320.3/+ 2.3 09| + 9) I Tt I 
155851 17 9.0|\- 8.1 Bone 321.0/+ 2 10 I 2 II 
156110 117 10.6/+ 7.44| B3 37.81 +34.8 18 18 9 
156134 117 10.7|— 8.3 | Ba 318 gi + OF + .12/-4 12| I + 32 | 9 
156154 117 10 . 8.3 | Bo 18.9 0.1 : r1;+ .41] 2 33 9 
156201 17 11.1|-35 7] 7-77| Bo 319.2) — 2 + .16)+ .16 38 9 
156247* |17 I1.4/+ 1 19 | 6 35 350.4/+20.1}/— .09 09] 3 8) 7 
156633* It7 13.6/+33 12 | 4.8 | B3 5|+31.9|/—0.20 20] 5 O1 7 
156779 17 14.4|—18 43 | 9.3 | Bs 333.2|\+ 8.9 8) 1 + .o9 | ik 
157056 17 15.9|—24 54 3.37) Ba 328.2]/+ 5.1 28|— .28| 2 »8 6 
157857 .|17 20.7}—10 55 | 7.43} O7 340.7|+11.7 12 12| 1 + ar | 1 
15831¢ 17 23.5|/—16 31 | 8.7 $sne 6.3\+ 8.3 — .12 12| 1 + Of ( 
55319 7 23 3 7 3 3 ) 
158661. . , 17 25.4|-17 3 | 8.2 | Bo 336.11\+ 7.6 of 06] 3 4 16 | 11 
158705 17 25.6/—31 28 | 7.81| Bo 323.9 s.4 r 2 22| 2 + 14 8 
159170 7 28.%|/—32 31 5.71; O8 fi— 1.3 I 0.10} I 13 9 
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} || 
HD | R.A. | DECL. | iy | SPEC Pe 
| 1900 1g00 | | | 
159864... jr7h 31™8 —17°46'| 8.6 Bo 336°3\+ 5.9 |—o 02}—0.02| 3 +0.20 I 
160186 1x7 33-4|—18 21 | 9.0 Bs 336.0\+ 5.3 |— .og}— .09| I + .08 | 10.0 
160529 117 35.3|—33 27 | © 68)cA4gea 323.4/— 3.1 I+ .471+ .47] 1 + .46 9.0 
1606041 17 36.0|/—17 51 19.8 | B 1336.71+ 5.0 — .EriI— .EE} 2 + .08 |....-- 
160704 17 36.3|—23 41 | 9.5 B2 331 5) + 1.9) 4+- 221+ " 4 + .42 9.6 
| 
160730 \17 36.4|—24 15 110.2 | B 331 3| + 1.6 + .2i\+ 21} 3 A 46 bescces 
160762 17 36.6;+46 4 | 3.79| B3s | 39.3) 30.4|—0.20 ..|— .20] 4 — .ol 6.1 
160880 117 37-3|—18 10 | 9-7 | Bs 1330.5|7+ 4-5 = 07| o7| I + .10 } 10.6 
161050 17 38.3)—- 7 2 | 6.20 Bsn 1346.4| 710.1) 06} + .03|/+ 05] 3,1) + 22 6.3 
161103 |17 38.5|—27 12 | 8.5 | Bone |329.0) + © 4| + .o4|+ .04) 2 + .26 | 10.6 
| | | | | 
161306 17 39-7|— 9 46 | 8.31|B(o)ne |344 + 8 sit .13} |. 13| 5 4+ .35 9.8 
161789 17 42.4|—32 52 | 9.0 | B2 1324.6|— 4.0 i+ .o8|+ .o8] I + .28 | 10.0 
161961 17 43-44- 2 9]|7-9 Bo 26F.3/+11.4)— .06)— .02/— -O4) 4,1} + .18 | 10-5 
162064 17 44.0;/—I19 52 8.98| B 336.0\+ 2.4 \+ 16)+ .16) 1 + .35 
162094 17 44.2|/+34 19 | 6.57| B3 | 26.7|+26.1|— 19| }— .19| 2 fete) 8.8 
| | | | | | | | 
162168 17 44.5|—32 58 | 8.6 324.8 1-5 J+ .t5|r -5) ! rT -37 9-9 
162305 17 45.6|+15 32 | 8.0 8. ol+19.1]— -17] = 17| 2 role) 9.6 
162717 17 47-3|—24 15 | 9-3 332.6 0.5 \-+ .17|+ .17) 1 + .36 9.0 
162718 17 47.3|—24 45 | 8-7 | 332.2 8 |+ .20)+ .20] 4 + .42 9-7 
162978 17 48.7|—24 52 | 6.13 332.2 1.1 = 14] — 14] 5 + 081 @.5 
| } | 
163472 17 §1.2|\+ 0 meee B2 las4.gi/+11.1j/— .08 j— .08| 5 + .12 7.9 
163535 r7 51.5|—18 3 | 9.1 Bs 338.4 1.8 I+ .raj+ .11| I + .28 8.7 
163067 17 §2.2|—31 47 | 9-© Bo 326.6 5 i+ .o2}+ .02| I 4- .24 | 18.0 
163777 17 8|—25 10 | 9-5 B 332.4 2.1 i+ .o7i+ .0O7| I + .26 pai 
163800 17 52.9|—22 30 | 9.9 Bo 334.8|— 0.5 } 00] 00] 4 + .22 9.3 
,- . | } | | 
163811 17 53.0|—23 18 | 5.3 Bs 334.1|/— 1.2 - .os|— .05) I + .12 9.1 
163892 17 $3.4|—22 27 | 7-14 B2 334-9 > he o4|/— .04| 3 + .16 9.0 
164002 17 §3.9|—22 33 | 7-15 Bs 334.8 1.0 i— +33 13| 2 + .04 8.5 
164018 17 §4.0/-23 7|9-4| B 334.3 rs I+ .19)+ .19] 2 + .38 
164019 17 54.0|/—28 360 | 9.4 Bo 329.¢ 4.0 }— .08|— “ I + 44 | 12.3 
| | 
164103 17 54-5|—14 47 | 9.04 Bs 341.6|+ 2.8/4 o7| + .07] 2 + .2 8.0 
164105 17 54.5|—24 39 | 9-2 B3 333.1 2.2 |— .o6/— .o6) I + .13 | 10.5 
164146 17 $4.7|—24 12 3:| Bs 333.5 2.0 }— .11]— .11) I + .06 9.5 
164188 17 54.9|—15 48 | 8.7 | B3 340.8 2|-+ 5 }+ .05| 2 + .2 Q.2 
164284 17 55.3\+ 4 23 | 4-81) Bsne 358.6|/+11.9|/— 4) — .14| 4 + .03 | 6.2 
| | | 
164353 17 55.6\/+ 2 50 | 3.92\cB3 357.4/F11.2|— .12) 1 216 | + .07 8.9 
164359 17 55.6|—22 7 | 7-4 |< 37 435.4)—- 1.1 |— .10|— .10} 3 4+ 04 | 12.6 
164384 17 55.7|—-23 10 | 8.4 Bs 334-5 1.7 |— .14|— -14) 1 + .03 9.8 
164402 17 §5.8|—22 46 | 5-73 Bo 334.9)— 1.5 j— .14} 41 5 | 08 9.1 
164432 17 50.0|+ 6 16 | 6.15 B3s } 0.4 12.6)/— .14} \- 41 5 | O5 8.0 
164438 17 56.0/—19 6 | 7.25 B3 338.1\/+ 0.3 ¥ o2| + 02] I + .21 8.0 
164 17 56.3|—23 1 | 0.91 O7 334.7 1.7 i+ o3|/+ .03| I + .26 9.6 
164 117 56.5|—24 15 | 0.97 B3 333.7 2.3 |}— .16)— .16) 2 + 03 8.9 
164637 17 57.0|}—22 43 | © Bo 335.0 5.7 | 16|— .16| 4 4+ 06] 10.1 
1f ) 17 57-3|—17 24 | 7-5 Bs 339.7\4 ra) = ON 7 I + .10 8.4 
| | | | 
17 57.3|—22 18 | 9.3 | Bs 335.4 1.5 | - .o6|— .06| 2 | 231 16.3 
17 57.3|—22 53 | 7-95) BS 334-9 1.8 }— .13|/— -13] 2 + .04 9.0 
17 57.4|—22 36 | 8.3 B3 335.2|— 1.7 14|— .14] 2 4+ 05 | 10.1 
17 57 17 30 | 7.10) Bs 339.5/+ 0.8 - .o4|/— .o4| 1 + .13 7.8 
17 57-5|—-25 19 | 9-1 Bi 332.8 - I+ .02)+ 02| 3 + .23 | 11.2 
| | 
164794 17 57 7| 24 22 | 5.86) O5 333-7 2.6 - .15|— .15| 3 + .08 9.8 
164816 17 57.8|—24 19 | 7-1 Bo 333.7 > 6 rai— .14| 3 1 o81| 10.4 
164833 17 57.9|—22 50 | 9.50 30 225 0 1.9 — .14|— -14) 5 | + .o8 | 10.2 
164844 17 58.0|—22 34 Bs 335.3 1.8 — .16|— .16) 2 | + -OF 9.5 
164852 17 58.1|/+20 50 Bs 14.3) 4+18.5|—0.15 i :381.3 | + .02 6.6 
i | } 
164503 17 55 22 30 | 8.4 | B 35.4 1.8 }— .15|— .15| 1 1 + .04 é 
164865 17 58.1|—24 II B 33.9 2.6 j+ .3ri+ .31| I | + .50 paca 
164883 17 58.2 22 30 3 35.4 1.8 - .14 ti3 ivr o8 | 10.4 
164906* 17 5§8.3|—24 24 B(o)ne 33.7 2.8 — o6|— .o6| I + .16 | 10.3 
164947* 17 58.5|—24 21 | Bs 233 8i— 2.8 -o.11|—0.11| I +o0.06 9.7 
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164971 23° 28’| 9.8 3 334.0)— 2.4 +0.04/+0.04) I | +0.23 
164992 22 27 | 9.7 | Bs 335.5|— 1.9 08 98] 2 + 9 | 
1605010 24 4! } 7 60| Bo 333.5] 3.0 I 17; 3 t 5 
165049 15 22 | 8.07| B 1341.7} + 1.5|+0.10 8) + 9] 3,1} + .28 | 
105 1-24 24 | 6.79} O06 1333-8]}— 2.9 | 09 9} 3 Tt 14 
| | | | 
17 59.4|—23 43 | 8.0 | B3 5|— 2.7 11 t 8 | 
17 59.6/+ 1 55 | 6.09] Ban } gi+ 9.8 12 } | 08 | 
18 oI 19 58 | 8.73} Bane 8) 0.9 2/4 + .22 
18 o.! a2 7 | 8.7 35 Q|— 2 O5 05) 2 | 12 | 
18 o.1/—22 28] 9.1 | Bs 1335-0|— 2.2] 08 8) 2 | 9 | 
| | } 
165319 18 0.3|/—14 12 | 8.2 | Bo 342.8/-+ 1.9]+ .10o}+ .12)/+ «11 + .33 
16532 18 31-22 44 | 0.7] B 1335.4] 2.4 10 I 9 
10551 18 1.2|\—21 27 | 6.22] Bo 1330.6)— 1.9 ) Q| 4 + .13 
165517 i 1.2/—-25 71] 8.55| B 1333-4 3.7 + 12\+ I I : 31 
16559 18 1.6|/—22 7] 8.4 3 1330.1|/— 2.3 08 98} 2 | II 
| | 
16561 8 1.7 Be 33 335.4 2.7 10 10} 2 + 9 
I 55 8 1.0 8.3 | B2 22.9 1.0 + .o1j+ .o1] 3 + 21 
I 8 i 2.1 7.9 | Bs 330.0 2.6 | 12 12 t 
I 65 3 2.5 9 Bs 335.7 2.8 | 13 I 2 04 | 
105793 i 2 | 6.58) Bo 1323.4 9.5 18 18] 1 + .04 
1S 2.7 7.4 | Bs 341.1 0.2 be cae 
IS 2.7 7.89) Bs 330.2 2.¢ I 1 + 
18 2.9 8 35 336.2 2.6 10 I 7 
18 3.1 a1 25 19 B 330.9 2.3 + .10/+ .1 3 9 
iS 3.3 24 1 7.4 sc 334.0 3.¢ 8) 4 14 
105995 18 2.5 > ae 8.5 3 3360.81— 2.4] 4 24 r 
166033 [o:).2.4 23 4 8 3 335.0 29 »} 1 I 
166 1 3.8/—-24 8]9.7| B 34.6 ..7 Ol 1} I 2 
166107 18 4.0 23 48 | 7.64) Bs 334.9 3.6 | II 11] I 06 
106125 4.1 r4 12 | 9.! Bs 343.3/+ 1.1 + 09 g| I 27 
100152 IS 4.4 20 45 4.32] Bas | 14.9/717.1 2 7 C 
166188 1 4.4)/—18 13 | 9.0 | Bae 339.8 I + .09 4 9 
16619 18 4.4 23 5 8 Bs 334.8 3.8 3 3/ 1 I 
1662386 18 4.8|/—16 af 7.58) Bo 341.1 2.4 2 1) I . 
166287 18 4 160 5 7.6 | Bo 341-1 0.4 3 2 19 
I I 18 8|—19 12 | 9.0 3 339 ~ 528 I, 2 18 
16630 18 4.9|/—16 44 | 9.1 B 341.2 0.4 4] 2 18 
16 I 18 5§.1}/+10 45 ) 3 5.6/+1 I I 7 
166418 i 5.4 16 44 | 8 Bo 3 5 + .o7/+4 7| 2 ) 
I 8 «.« 9 44 g.8 Bo 2.4 8 8] 4 14 
166481 i8 22 8] 9. 3 330.5 3.1 } $| 2 
I 9 18 6.0/—15 37 | 8.7] B 342.3 0.0 O4 3 7 18 
166540 18 6.0/—16 55 | 8 Bo $1.1 7 O4 3 18 
I 3¢ 18 6.0 27 | 7.17| Bi 338.0 2.4 13 I 8 
1665066 18 6.1 oe 9 B tse 342.2 >. 1} y I I 19 
| | | 
1665687 18 6.1 18 45 19 B2 330.5 1.6 | ) ? I 
166628 18 6.4|/—19 28 | 7.14| Ba 338.9 2.0 + .16/+ .16] 3 6 
16666 18 6.6|/—15 36 | 9.2 | Bae 342.4 >. 31+ .04 1] 3 24 
166689 18 6.7 16 24 | 7.34| B 341.7 > ¢ 9 0 13 
if 1 18 6.9 10 40 5.8 Boea 40.014 2.2/4 30/ + 4 1, 5,4 oO! 
} 
I 18 7.0 16 27 |I0 Bs 41 >.7 14 I4| 2 
TOC 1d ae Ig 4 5.4 B 335 ee t I T I ) 
16680 io 7.4 I5 13 7.9 30 342 0.0]/—-0.03 3 19 
166 38 7.4 24 s B2 36 3.8 3 3 17 
1669 18 7.7 17 19 |10.5 35 341 r.2 3 14 
} 
166934 i 7.8!—18 sr | 8.4 | B; 339.6 2.0 I o1| 2 
166963 18 7.9\—16 3¢ 7 Bs 341.¢ ra) j 4; 2 + 13 
1669064 18 7.9 17 10 8.8 Bs 341.1 1.2 5 si 2 . I 
166965 18 7.9\—I9 2 8.8 | B 30 2.1 + 3 3} 2 + 2 
166967 18 7.9|/—25 20! 8.3 | Bs 334.0 5.1 —O.12 12| 1 2.0 
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| | | | | | 
| | Ci | 
| | | 
HD R.A. | DECL. | iy | spec. | 2 | 6 [——— —|No| E: |m—M 
1900 | Igoo | | } | | | | 
| | | | i; M | W Mean | 
166999 18h 8mz1/—19° 9’| 9.5 | Bs 330°4 |—0.08, —0.08} 2 +o.09 | 10.5 
167000 18 8.1/—20 41 | 9.2 | Bs 338.1 9 I— .03;— .03] 2 + .14 9.8 
167088 18 8.6|/—-19 6| 8.5 | B3 339.51— 3 |—  .12;— 12] 2 + .07 10.2 
167090 18 8.6/—20 30 | 9.4 | Bs 338.31— 2.9] — .0o7/— .07| 2 + 10 | 10.3 
167224* 18 g.1j/—-18 59} 7.9 | Bs 1339 i 2.31 I— .10]/— .10} 2 + .07 9.0 
| | 
18 9.3|\—20 25 | 6.02] Br 1338 4l — 3.1}. — .14|/— .14] 3 + .07 9.1 
18 9.3/—20 46 | 5.42] Bo 1338 cele |) Sree — .I3|— .13] 2 + .09 8.7 
18 9.4/-19 1 | 7.0 | Bo 1339 i £5 — .09/— .o9| 5 + .13 | 10.0 
18 9.4/-23 9 | 8.4 | Bs 1330.1|— 4.4] — .03/— .03] 1 t .34 1 @.0 
18 9.6 12 34 | 8.4 Bo - 3|+ © x aes 13)+ .13 4,2] + .35 9.9 
| 
18 9.6)-16 o | 9.7 | Bo 1342.4|— 1.0 — .03/— .03] 2 + .o9 | 9.5 
18 9.6|/—18 24 | 8.9 | Bs 13 [— 2.1 + .10/+ .10| 2 + .27 | 8.6 
287 18 9.7|/—20 23 | 8.7 | Bone 3.1 — .o2/— 2| I + .20] 11.2 
1673077 18 g.gi—-17 o | 8.2 | Bo 1.5 — .06/— .o6| 4 + 16] Ir.o 
167411 18 10.0/—-18 17 | 7.9 | B3 — 2.2 — .03/— .03] 2 + .16 9.0 
| | | 
I 18 10.0/—18 29 | 8.6 | Bs l— 2.3 — .I2}/— .12] 2 rT .0§ 9.8 
32" 18 10.1|\-17 9 | 9.5 | Bs - 1.6 — .06/— .o6] 2 + .I1 10.3 
18 10.11—-20 3] 9.3] Bs - 3.0 — .11|/— .11| 2 4+- 06 | 10.5 
151 18 10.2/—13 36 | 8.7 | Bo >.0} 17 i+ .17] 2 + 29g 9.9 
1674787 18 10.3|—18 28 | 9.2 | Bs 340.3/— 2.3} > OG O5| 2 Tr .E2 $ 36.0 
| 
167479 18 10.3 18 49 | 8.2 B3 -™ o}— 2.5] | 1Io|/— .10} 2 + .09 9.8 
107543 18 10.6/—14 40 | 8 Bo 343.6) — sit .05/+ .03/+ .04] 3,2] + .26 |] 10.9 
1607611 18 10.9/—18 35 | 9.6 | Bs 1340.2)— 2.5] 07|— .07| 2 rT .46 ) 36.5 
167633 18 11.0/—16 33 | 8.2 | Bo 1342 .¢ 1.5] o4]/— .04] 5 + .18 | 10.8 
167657 18 11.11—16 26 | 8.7 | Bo 342.2 1.5] |— .06/— .06] 2 + .10 | 9.4 
| | | | | 
167659 18 11.1 19 0] 7.3 | B2 339.9 2.8 O5|— .O5] 2 r .I5 9.3 
167722 18 11.4/—19 46 | 9.3 | Bs 339.3 2} o8|/— .o8} 2 + .09 | 10.3 
107747 18 11.5|—17 58 | 9.7 | Bs 9 o4}+ .04] 2 re a 9.8 
167771 18 11.6|—18 30 | 6.37} O8 340.4 2.6 =e 11] 4 + .12 | 10.0 
167815 18 11.8/—19 42 7.59) Ba 1339.4 3.3 - 06|}— .o6| 3 T .%4 9.6 
167838 18 11.9|—15 28 | 6.64] Bo 343.1 1.2/+ .06/+ .08)+ .08] 3,3] + .30 8.4 
167863 18 12.0/—18 51 | 6.57| Bs 340.1] 2.9 — .og|— .og} 2 + .08 7.6 
1679 18 12.2/-18 o | 9.4 | Bs 340.9 2.5 - .10/— .10] 2 rT .O7 10.5 
1607971 18 12.5|—12 17 | 7.34) O8 340 + 0.2 20/+ 4) + 23) 2,2} + .46 8.6 
167099 18 12.6/—16 41 | 9.4 3 5 342.1 1.9 43— .04] 3 + .19 | 26.2 
i | | | ke | 
168021AB* 18 12.7/—18 39 | 6.9 | Be 340.4 2.9 - .03}— .03] 6 + 19 90.5 
168021 18 12.7|—18 390 | 7.4 | Bo 340.4 9 03 03| I + 19 10.0 
I 8 18 12.9/-17 6 9 8 | Bs 3 8 2.2 O4;/— .O4] 2 + .13 |] 10.5 
16808 18 12.9 18 12] 9.2 32 3 8 2.7) 12 12} 2 tr .0o8 | 11.6 
16811 18 13.1;/-12 8] 8.5 Bo 340.2/+ 0.1 + 19/4 IQ| 2 + 431 | 9.5 
| | | | 
168138 118 13.2/—-19 29 | 9.1 | B3 330.7 3.41 | o7i— .o7| 2 | + .12 | 10.5 
16816 18 13.3/-15 31 | 9.4 | Bs 343.2 1.5 + .18'+ .18] 2 + .36 8.6 
1681 18 13.3)/—16 2 8.9 | B3 342.5 1.9 - 90 12] 2 + 31 8.9 
168183 18 13.4/-14 21/18 Bo 5 3) D0 oo} 2 | + .22 | 10.6 
168186 18 13.4|—-17 52 |10.5 | Bs 2 2.7 - 7 07] 2 + .10 | 11.4 
| 
1681990 118 13.5|/+13 44 | 6.18] Bsn 9 12.1 0.13 13} 3 | + .04 7.5 
168 118 13 14 12 | 9.4 |] Bs 14.4 9 + .05 O5| 2 + .22 9.5 
168230* 18 13.6/—-18 54 1 9.5 | B3 5:3 + .18 isi 2 i + +37 9.1 
168279 18 13.8}—18 11 Q.1 Bs 2.9 10 >| 2 + .07 10.2 
1683 18 13.91-16 31]0.4 BS 342.8 1.9 28/+ .28] 2 t 41 7.3 
168352 18 14.1 17 71|8.9| Ba 341.9 2.5 »2|+ 2} 2 | + .22 10.4 
1683608 18 14.2/-17 6 | 9.6 | B3 341.9/— 2.5 + .04 4) 2 | + .23 | 10.2 
168418 18 14.4/-17 2|09.6| B3 342 4.5 + 3\+ 3} 2 | + .22 10.3 
168444 18 14.6}/—14 53 | 8.86] Bg 343.9 1.5 I+ .12i+ .12] 2 | + .30 8.7 
168 118 15.2|—17 11 | 8.3 3 2.0 2.7 O4 o4] 2 | + .23 8.9 
| i | 
168571 18 15.3 17 26 8 .< B2 341.8 2.9 + 13\+ 13} 2 | + 33 8.7 
16867 18 15.9]—-17 57 | 9.1 | Bs 341.4 3.2 02 o2} 2 | + .19 9.4 
168726 18 16.11/—16 39 | 9.5 B8 5 2.7 Ol or] 2 | + 12 9.5 
168748 18 16.2}—17 9 j10.5 | Bs 12.1 9 + .05/+ .05} 2 | + .22 10.6 
1608765 18 16.3}—17 28 | 9.5 | Bs 341.8|— 3.1 1+0.05|+0.05) 2 | +O. 22 9.6 
| | 
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| | | _¢ 
HD R.A. | DECL. | iy | Spe 1 | 6 | No.| Ex. |me—M 
} I1g00 1g00 | | - | 
} | | | M | W Mean 
| 
173637 1r8hgrm2}— 8° 2’| 9.0 | Bo 1353°0|— 4°0 +o o1| +0.O1}] 2 +o.23 | 11.3 
173987 118 43.2|— 6 34 9.0 | Bo 1354.6/— 3.8 — ,08i- :O81,3 + .2I 11.4 
173991 18 43.2}—12 40 | 9.2 | B2 1340.31 6.6] 0.00/— .or/— .Of] 3,2) + -19 | 10.9 
174179 18 44.2)+31 39 | 5.78} B3s | 28.9]/+13.4]— .21] }— .2t] 4 — .02 8.1 
174237 18 44.5|+52 53 5.76) Bsn | 49 | +21.3|— .18 j— .18) 3 = OF 7.4 
174261 118 14 6l4 6 - Bsn 19.3|+ |_ 14] 2 + .03 8.3 
174298 18 44.8/4 6.51] Bas 21.9/+ |— .12) 2 + .08 9.0 
174391 18 45 2) + 6.54} B3s 14.6|4 [= Aap + .02 8.6 
17451 18 45.7|- 8.6 | B2 1353.-7|- — .13]/— .13]| 2,2] + .o7 | 12.1% 
174571 18 46.0) + 9-1 | B2 8.3 + .12/-+ .08] 4,3} + .28 | 10.1 
| 
17 18 46.1}+32 42 5.77] B3 | 30.1}4+ i— Qo] 4 foto) 8.0 
17 * 18 46.41+33 15 var.| B8+B2!] 30.6/4 |— .13] 3 ; 
1749059 18 48.1|+36 25 6.01} Bss |} 33-5/4 gi 16; 2 ol 7.5 
175081 18 48.6/+37 24 | 7.08] Bsn | 34-7 — .16] 3 + .o1 8.6 
175141 j18 48.9|—19 590 8. 88) Bs 343.1|/- - .06/— .06| 1 + II 9-7 
| } | } | 
175426 18 50.2/+36 st | 5.51] B3 | 34.3/4 — .20] 2 — .oI 7.8 
175514 18 50 6/+ 9 13 | 9.0 | Bon | 9.4/4 + 10|+ 08} 5,3| + .30 | 10.8 
175544 18 50.71+ 0 8 | 7.73] B3 I1.4|- — .05] 3 + .14 9.0 
175754 18 7|—19 17 | 7.03 Bop 344.1] — .20/— .20] 4 + .02 | 10.8 
175803 18 |+10 43 | 7.07] B3 | 18.9/+ i= .60):2 Fr 8g 9-3 
| 
175503 Id 5 31+50 53 6.94| Bae 57.214 l— 31 2 at. 7 8.3 
175876 18 52.3|—20 33 | 6.73} O8«e5 1342.7 20} — .20] 2 + .03 | I1.0 
176162 18 53.8 12 58 | 5.36] B7 1350.0 — .12] 4 + .02 6.3 
176254 18 54.31/+20 29 | 6.72] Bs | 19.8 — .II] 3 + 08 8.4 
176304 18 54.5|+10 oO | 6 52 $25 10.5 — .02] 3 + .18 8.3 
| j | | | 
18 55.5/+40 33 | 6.12] B5s |} 38.3 —= - IES — .61 7.8 
18 55.7|/ +15 13 | 8.94] Bs } 15.3 — .071 3 + .10 9.8 
18 55.9 390. «65 «|: 6.25) Bs | 360.9 — .54] 2 + .03 7.6 
18 56.1 6 2 7.69| Bs 356 I— .o7] 2 + .10 8.6 
I> 57 +21 22 | 6.86) B3 | 20.9 — .06) 3 + kg 8.2 
} } 
170819 +20 42 6 6.0} 06} — .06] 3 + .14 8.6 
170571 +20 9 5 2 5. Si=— .23i — 531 4 + .06 2.3 
176914 8 16 | 6.78 7.1|+ 9.4 14 —- .14] 2 + .03 8.2 
17 2 5 \ { 17.9/+18.6 20] = .20] 2 = .o 7-5 
17 + BS i 7.3 30. Si+i1.1j— .15] 15] 2 + .02 8.6 
| | | | 
18 57.7/—19 34 | 9-1 3 344.4/—12.8 + .o2;/+ .02] 2 + .19 9.4 
18 57.7 o if 7.571 Be 34 13.1 08|— .o8] 2 + .I1 9.0 
18 5% 33 20 6.22 $3n 1.9 11 ¢ 14 — .34] 2 + .05 8.1 
18 58.9 21 9 2|8B TO} - .10] 2 + .0g | 10.8 
I Ij—19 38 | 8.2 | Bs { 13.3 ae og} 2 + .08 9.2 
| | | | } 
19 31+34 | 7.12] Bsn | 32.6)/+11.4] 14) I— .14] 2 + .03 8.5 
19 0.4/+ 9 29 | 6.93} B5n | 10.8 ol or] 3 + .16 7.4 
I ©.5|+23 II 6.94 4 2¢ | Olt 6.5 OSs Im .O51 3 — 14 2 
I9 0.9 so | 8.7 | B3 } 1.¢ 5.1 05 — s| 2 + .14 9.9 
19 1.1 3 618.9] Bz 5 5-2 Fai TSE - 34) Soke cE .-34 9-5 
| | 
177989 19 1.8/—18 53 | 9.1 BS 1345.5|—13.4 ‘= 17}— .17| 2 00 | 10.7 
178129 19 62.31+ 3 17 1 7.8 | B3 . S36 ti+ .07 + .O7] 3 + .26 8.2 
17817 Ig 2.4 IQ 27 5.41} Bane 1345 13.7 — .13/- 13] 2 + .06 7.4 
178329 19 3.1}/+41 1 6.1 B3s 39.6/+14.1 ° — .20] 2 — .o! 8.4 
17847 19 3.71+35 57 5.13} Bsn | 34-7 11 6] 17 ~ "7 3 foYe) 6.7 
| | | | 
17848 19 3.7 10 8.7 | Bo 1353 s|—1 03} 06] - 05} r,t) + .17 II.4 
17854 19 3.9)/+24 34 | 6.66) Bs | 24.5 6. 4} 14 i— .%4] 2 + .03 8.0 
178591 19 4.11\+40 54 | 6.04) B | 39 13.7|— .12 |— .12] 2 + .0§ 8.2 
178840* 19 © 5.11+34 35 | 6.63| Bas 3.6/+10.8/+ .34 [+ -34) 2 [C+ el ae 
178912 19 5.41733 5 | 8.3 35 | 32.2/+10.0 17 [— -17] 2 oo 9 
| | | | | 
179 19 6.5 i. ts } os 3 9| —16. 2] >.11]— .11] I + .06 9.3 
179406 19 7.3 8 7 | 5.37} B3n 9.8 o4| I— + .04] 3 15 6.5 
180126 19 10.2/+ 9g 37 | 8.2 | B3 I 2.1/— .o4] I— .o4] 2 + .15 0.4 
180163 19 10.4/+38 58 | 4.4 sss 8.1 11.8 20} I— .20] 5 — .03 6.3 
18 38 19 I1.3,;+12 56 8 3(3)ne 15.1 0.7|/—0.07] |—0.07| 2 +0O.12 9.4 
| | | | 
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150554 Io? 1I™9 I~ 13 Bsn 2 { 3°21—o. 14 I 
180587 Ig 12.0,+1 Bs 13.3 1.9 I I 
180629 19 12.1 ye 9 8 | Bs 348.2 14.8 13 I 
1508 Ig I O 32 57 re} | +5 rs) S ¢ 19 19 
180968 Ig 13.5/+22 51 40| Bonn 24.0/+ 7 12 I 3 I 
181164 19 14.3 — * B3 26.7/+ 5.0 1¢ I 
18136 IQ 15.1 23 5 } 24.4 3.5 S 8 
I51400 Ig 15.3 Bs 33 3 8 
181492 IQ 15.( 3I 47 64) By 2.1 7 I I 
151858 Ig 17 8 2 9| B 8 12.1 I I 
181963 IQ 17 25 25 B 6.6 I I I 
181987* IQ 17.5 4 B3n 8 1 
18203 IQ 17 I B3 I! 
182078 Ig 17.9 21 9 33 I 
152 ) te. 7 9 SS I 
152505 ) ) 8 Bs I 
183013 19 I 3} B3 . ria I I 
153 19 3 1d 93 CBgea ) s 
153104 19 I4 2 Bsr 17 I 
183201 IQ 23 I B3 I 
183362 IQ 24.1 3 3 Bane s 8 8 18 . 
53537 IQ 25 »} Bsnn ) I 
18357 Ig 25.1 16 Bs I 
E23161¢ 19 ra) 18 B I I I 
184171 19g 28.1 4 14 . B j I 
184279 19 28 3 34 8} Base ) ) " 
1845 Ig 29.7 r¢ 81/ B I I 
184915 19 31.5 7 2 1| Bor ) 14.7 14 I 
154927 19 31.¢ 31 { B2 
184930 Ig 31.¢ I 31 8; BS 12.1 I 
184942 IQ 31.7 2 B3 . I I I 
55205 19 Bsn I ) I I 
185418 9 9} +17 12) B3 i I 
185507 I { ; 17} B3 11 1 I I 
18 19 34 21 . Bs ta I I 
15575 19 7 B 9 8 I 
155542 19 36 Bss I 14 
185859 19 I I 1 B 
185015 19 ) 11| B rl 
1859 19 5 I 5 B 18.7 I 
IS5O41I Ig g.I Bs I I 
150557 IQ 4 B I 
186618 19 I Br . I 
° IQ 4 3 7 Bas I 5 I I 
19 4! I B } 14 
1860980 9 a ll 8' O8 I 11 
150904 Ig 14 B ) 
157320 Ig IQ it Bar | I I 
1873 19 44 I 21 B2 ( 14.8 I! 
187459 1g 12 Bor 6.5 ) 
187 7 19 co 7 ) Banc I I T4 I 
187811 19 40.8 I yr) Bsne 18 
7879 19 47.2\+4 B I 
187061 19g 47.¢ I 8) Bsn ii » 8 I I 
t I Ig 7-9 rs »} O71 I I 
I ) Ig 49 j tr} O8 ) I 
188252 19 41 B ) 9 8 18 
1552090 Ig 49.3 S 20 8; B 19 I I 
188439 19 I 3 Bent ) 9 I I 
188461 19 5 1 ¢ : B3s ( 1% 18 
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188618 19"so™g| —18° 11" | 9 BS 51°2 23°7 |—o9.10/—o0.10] 2. | +0.07 10.3 
188 19 51.2|/+57 16 4! Bs 57.9 14.4|—0.18 18| 2 | or | 6.7 
1888g1 19 52.3|\+40 8 | 7.22 B 3.1 17 71,2 | o2 | 9.3 
LSo0y 19 5 T30 13 1.87) B7 j1 15 18} 3 | o4 | 0.3 
189 9 1}+35 59 | 6.04) B3 39.7|+ 3 18 18} 2 | + .or} 8.2 
| 
189178 19 7it4o 6 | 5.43} Ban 43 - 2 I 16 163 | + .03 | 7-4 
1804 19 54.9|+37 50 | 6.28) B7s 41.4|+ 3-7 14 14| 2 | fete) 7.4 
189 190 §5.5|+10 37 | 7 32 26.3 6.4 10 18 16| 2,3| + .04 10.2 
18g05 Ig 50.2 36 40 | 5.1 $3 10.7 9 16 16} 2 | + -03 |] 7 I 
189 1g 50.¢ I 47 | B&n §3.5|+10.9 17| 1712 | — .04| 7-2 
| mm | 
189818 19 56.9 32 | 7.08) B3 58.5) +13.9 18 | 2 | + .or | 9-2 
18992! IQ 57-4 »6 | 6.80) B7s | 6 11 16 17 16 I 02 | 8.0 
19 19 57-9 42 46 | 7.29] B3 5.9 9 16 16] 2 | + .03 | 9-3 
1goot Ig 58.1 E 7 6.55|cBo 28.4 ( 06} 2 + 16 | 10.9 
19 ( 30 «65 5.2 B: 4 0 :.2 >4 O4 | t 10 } 10.1 
I I I 5 16 | 9.9 | B3 9.9|/+ 1.4 ote 8) 1 - .a7 | 10.2 
I 6}+35 50} 99] B | I 8 28} 1 | + .47 | 8.8 
) 1 56 69\c BoeB 7 ¢ 13 13} 4 | 35 | 8.7 
I 81+35 8.9 | Bi i 3 o} x | + .19 | 11.2 
i 1.9 35 19 | 7.8 | O06 10.1 1 | I 71 4,3) + 16 11.2 
I I 5 37 8.7 ‘ } I Ol o1| I 20 | 
) 3 32 7-3 3 I fete) 41 2,3 I | 9.9 
I 1g 35 24 2 1.1 dS > 3,2 T 21} 11.3 
19 46 24 | 8.5 é 9.4 7 03 >3| 3 + .17 | 10.3 
) 35 20 7.9 1 1.1 5 5; 2 t 12 8.7 
| 
| 3 oe. Br 3 03 18 | 10.3 
og 25 6 | 7.92] B ) ol 51] 2 18 | 8.9 
? 3 19 8} B3 3 7 18 Sis i + -o | 7.2 
I . 35 27 | 8 B2 I { s | + .16 | 10.2 
IgIt 2." 3¢ 8 Bs I I iI 11| 2 | + .06 9.5 
I 3.6 35 af B 03 I C 5.21 + «BS 10.0 
I ( 18 8.8 B . I 14] 1 | + .06| 11.4 
19 9 I ( B I 17 18 18| 2,1 oI 7.9 
I 9 B26 5 I I eer ae 
39 28 . B ) 1 iI II| 3,2 og | 10 8 
I § ; I ra) B31 8 8) I + 1r | 10.6 
1g] I 14 8.1 Bt " o8 12 11] 2,2} + 10 I1.0 
I nt { ri Bb 5 I I I + 12 | 22.7 
I 11 B 1 5 cot 1s | 9.7 
I } I r I I | 5 oI Pe 
8 | 0 I 1 O2 2 21 10.8 
1g ) 9 9 B 1.8 14 14] 3 6 9.0 
| ra) 5 28 ) Bar " 3 03] I + 16 10.1 
I I 35 I ) B 3 3 I T 22 9.9 
| 624 |89)} B I I 7\ 2 29 | 10.8 
| 
1g! ( 8 8 | 6.94) B 12 12 57 | 8.6 
| ) ».1 | B(3)ne 40.9 oo} 1 | + .19 | 10.0 
gid I 11) b ) 12 12] 2 t 10 9.3 
) 3 >| 7.8 Bi I 11 It| 1 + .10 | 10.7 
1gIg , I 4 8 B 6 6} 2 + 14 10.2 
) I 9 » 58 | 7.47; OV 4. 6| + 7 7 + .30] 9.9 
19 9 8 28 7.1 Bos 3 BE. 5 sia i a7 | 9.3 
9 8 2 12| Bane I 12 12} 2 | + .08 9.6 
K228 10.1 36 8.9 | Bon 41 8 8; 2 14 11.8 
I I I +29 54 o4| Bas 3 14 14] 3 t o5 | 35.5 
19 ) 10.3 31 4! 8} Bas 8.1 1 { 2 + .16 0.3 
1G I 8 79| Bas 8 17.9 06 6| 2 14} 8. 
19g ) I ) 57 3 O7! } ( 3 T 3) 3 Aes 20 Q.7 
19208 y 11.0/+25 17 4.8 Ban 6.2 >. 18 iis | c+ or 7.0 
I S$ 11.4)/+39 40 |I 3 |B n¢ 14. ° o.! +o.19| 2 | 1O.39 | IO 6 
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————} No.| 


] 


1900 Ig0o0 | 
| M/} W 
192968 l20br2™7|+40°39'| 7.9 | Bz 45°7/+ 2°4]—0.17| 
192987 120 12.8/+36 45 | 6.32} Bsn 42.6/-+ O.1]/— .17] 
193000 120 12.9/+32 4 | 7 02} Bone 38.7;— 2.6/— .06} 
193183 [20 13 8) +37 55 | 7.12] 325 43.6)-+ 0.5/4 08 
193220 20 14.0/+25 20 | 6 78) B3 33-4|— 6.7|— 16} 
| | | | | 
193237* 14.1/+37 43 | 4.88] Breq 3.sit+ o ++ 06} 
193322 14.6|/+40 25 | 5 82] O8 45.8/+ 2 O| 07] 
E228841 j20 14.8/+38 34 | 9.1 | Bo 14.31+ 0.9 +0.10 
193443 2085-21437 ST 1 7-4 Bi 43.8) + 0.3/7 .03 
193514 120 15.51+38 57 | 7.29} O08 14.71+ 1.0]/+ .10 
| | | | | 
193516 |20 15.5/+37 28 | 9.1 | Br(e) ‘3S o}+ .08 
193530 }20 15 6} +40 0 6 20) B2 50.4/+ 5.1/— 17| 
193083 |20 16.5|+31 42 | 7 40} B3s 38.9/— 3 5} - 19 
IQ3QI1 20 17.7/+24 7] 5.41] B8ne | 32.8 8.1l— .12 
194279 120 19.7/+40 26 | 7.05|cBr 40.3)+ 1 2| + 33 
| } | | } 
194335 20 20.0/+37 10 | 5.68} B3ne 13.8 o.8/— .18 
E229221 20 20.1/+38 11 | 9.6 | Blo)e 14.6 0. 2] + .28 
194779 20 22.4/+41 1 | 7.66] B 17.1/+ 1.2] 00 
194830 [20 22.8/+41 3 | 7.45] Base 17 + o.g|/+ .34 
194883 20 23.0/+54 22 | 7.24) B3¢ 57.914 9.1 10} 
| | | | | | 
195089 20 24.1/+41 42 | 7.24] B3 17. 81+ 1 3} — .12 
195407 20 26.0/+36 39 | 7.72] B3e | 44.1] 2.1 
195556 |20 27.0/+48 37 | 4.89) B3 1 53.6/+ 5.1] 
195592 20 27.21+43 59 | 7.15| Bose | + 2 31+ .30 
195810 20 28.4/+10 58 | 3.98) B7 } , 7.8|— .16 
| | | | 
195905 120 29.3)147 53 | 6.5 B2 | 53.3 4} - 15 
195985 20 29.41/+44 390 | 7.50) Bs | 50.8/4 } 13 
195986 20 29.4|/+42 5I 6.41| B6és | 49.4|+ 3i— .16 
190006 20 29.5|/+32 34 | 7.08] B3s | 41.3 1] 18 
196025 20 29.6/+ 6 3 6.86) Bs 19.7| 5 18} 
196035 20 29.7/+20 38 | 6.28) B3s | 31.7 12.4|- 17 
196243 20 31.0/+290 55 7.41 35 | 39.4 7 14 
196421 20 32.21+57 35 | 8.2 | Bs 61.3|/+10.0 Oo 
196740 20 34.2/+23 46 | 5.04] B7n | 34.Q9/—11.4 17 
190775 20 34.4/+15 29 | 5.92] B3 81 16.4 18 
| | | | | } | 
197036 20 36.0/+45 19 | 6 46} B3n | 52.0/+ 1.9} a4 
197345 20 38.0/+44 55 | 1.33|\cAzea_ | 51.9/+ 1-4 10 
197419 20 38.51/+35 5 | 6.50) B3s 14.4 5.0o/— .19 
197460 20 38.8/+36 2] 8.2] B2 45.2 oe oI 
Ig7511 120 39.1/7+49 59 | s 41] B3s <6 o| + 4 4]- 4] 
} | } 
197637 20 39.9/+790 4 | 6.78) B3s | 79.8) +22. 2 
197702 120 40.3}+31 20 | 8.2 | B3 | 41 7% 
197770 20 40.7/+56 46 | 6.36) Bas | 61.4/+ 8.6/+ .03 
IQ7QI1 20 41.6/+62 51 | 7.7 Bs | 66 12.7 13 
198183 20 43.5/+360 7 4.47| Bsne | 45.9|/— 5 15 
| | | | 
198478 20 45.5|+45 45 | 4.89/cB2ea 53-4) + 0.9 05 
198512 20 45.71+53 32 7.95| Bane 59.3 6 - .O 
198625 20 46.5|+46 17 | 6.48} Ban S3-9i+ 1.1/— «1 
198731 20 47.6)/+63 6.38) Bin 67.3) +12.3 18 
198784 }20 47.6/+ 6.97] B3 | 47.6 4.8 { 
| | | | | 
198820 20 47.9|+32 28 | 6.35] Bss 63.9) 3. 2i— 28 
198846* |20 48.11+34 17 | 7.1 | Oonn 15.1 7.0 13} 
198895 |20 48 4| +55 7 8. 26| Be | 60.8|+ 6.7/+4 I4 
1Q9081 120 49.71/+44 0 | 4.68} B3 | 52.6 8 160 
199140 20 50 r +28 8 | 6.44 Bis 7|—11.4 18) 
} | 
199216 120 so.71+49 9 | 7.13} Bis | 56.6/+ 2.3)+ .11 
199218 20 50.7/+40 20 | 6.48} Bsne_ | 50.0/— 3.4/— .17 
199308 120 51.3/+55 58 | 7.61] B3 | 61.7/+ 7.0]/— .07 
199356 120 51.6/+39 55 | 7.02] B3ne 19.8 3.8 03 
199475 20 52.4)+47 2] 5.76)cB8ea | 55 j+ 0.9/4 9} +O.09 
| | | | 





a 
Mean | 


O.17| 2 | 
17 3 
o6| 2 | 

4 08] 3 
16] 2 | 
| } 

t 00} O 


tT io: 3 | 
t 03); 2 | 
T IO} 4 | 
| | 
t Od} 2 
- | 
17} 2 
19} 2 | 
12 2 | 
4 | 
Mateo | 
| 
| | 
Id|1 | 
2812 | 
| 
OC 2 | 
+ ‘ | 
34) 3 
IO} 2 
12 2 | 
I | 
17/ 3 
I¢ 2 
15 | 
13 
IO| 2 | 
18) 2 
a 
| 
17 | 
I4} 2 | 
3 
17; 2 
18} 2 
14 
! ? j 
Ig 
T I 2 
14) 2 
I4/ 2 
3 
13 J 
Is 3 | 
+ C { 
4) 4 
10} 2 
14 I 
15 5 
13 3 
14 
1¢ 
1d 3 
t II } 
17; 2 
3) 3 
9.09 2, I 
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| | | | 
C: 
} ; | 
wo | BA Oe et ee | No.| E: |mo—M 
1900 | I900 | | : | 
| | | M | W |Mean| 
199579 20bs53mq| +44°33' | 6.01| 06 53°4|— -O.12 |—o 12| 2 +0o.11 9-7 
199061 120 53.6'+56 29 | 6.14| B3 62.3|-+ 7.2;— .20)--0.201— .20) 3,5) —" G8 8.4 
200120 20 56 4\ +47 8 | 4.86] B3ne 55.7i+ 0.4|/— .22 i- 22| 3 — .03 7.3 
200310 20 57 6) +45 40 5.24| Bane 54.9 0.J|— 20} |— 20| 2 — Or Ye 
200775 21 0.4/+67 47 | 7.20] Bse 71.4 I4.0|\+ .07 i+ .o7] 3 —T .24 73 
| | ie ile 
200857 21 1.0/+54 51 | 7.16] Ba 61.8/4 2 16} I+ 16| 8 + .36 7.6 
201254 21 3.2/+14 16 | 6.86) Bs 31.6 6|— .15] |— .15| 2 + .02 8.3 
201345 21 3.9/+33 oO | 7.76) Bo 46.4) — 3;—  . 22] |— .22] 3 oo | 11.7 
201522 21 5.11+46 51 | 7.8 | Bane 56.5;— o.9/— .14 l= .gahca + .05 9.6 
201666 21 6 . +45 20 7 52 Bs 5§.61— 2.0|— .10 - ro) 2 + .OF 8.6 
201733 21 6.4\+45 6 6.52| Bse 55.5|— 2.21— .19 — .I9| 2 — .02 8.3 
201795 21 6.81/+38 33 | 7.7 | B3 50.8 6.9/— .13 >: Saas + .06 9.5 
201819 21 7.0/+35 53 | 6.40] Bin 48.9/— 8.8 18 |}— .18} 2 + .03 9.8 
201836 21 7.1/+47 17 | 6.36] Bs 57.1 °.8|- II I— .x1| 2 + .06 7.5 
201910 21 7.5|+40 47 | 7.30| Bsn 52.5 5.4/— .16 |— .16} 2 + .OB 8.8 
| 
2 21 7.5|+29 18 | 6.77] B6 $4.2 13.4 16 — .16] 4 oo 8.2 
21 8.8|+44 7 | 7.83! B 55.1 3.2 0S — .05| 2 + 14 este 
> 21 9.3}/+50 35 | 5.65] Ogs 66.0/+ 7.7 08 iI— .o8] 3 + .15 9.1 
2 21 9.5|+43 28 | 7.7 B3 54.7 3.8i\— .06 — .o06] 2 + .13 9.0 
? 21 10 1 +45 12 | 7.47} $5 | 56.0 2 3) - .16 — .16} 2 + .or 9.0 
| | | 
2340 21 10.1)+37 21 | 7.34 B3 3}— 8.2)/— .17 — .17] 2 + .02 9.4 
2654 21 12.2/+47 33 | 6.32] Bsn | 9 1.2 16 |— .16| 2 Tr .Or 7.8 
202850 21 13.51/+38 590 | 4.28)cAo | 52.1 7.5 03|/— .06/— .05] 3,2] + .05 9.4 
202883 21 13.7/+29 55 | 8.11] BS | 45.6/—14 15 — .15| 2 + .02 0.6 
202 21 13.81'+78 34 | 6.95 33 80.5 ( 06 i= 0013 + .13 8.2 
| | | | 
| 21 13.81+34 20 4.42) Bane 10.8 17 i— _-«.17/ 4 + .02 6.5 
25 21 14.6/+58 10 | 6.41 B3e + 6.1 02 2 02! 3 + .17 7.4 
3064 21 14.8]+43 31 | 5.06] O8nn_ | 1.4 16} }— .16] 2 + .07 9.1 
203245 21 16.0/+49 6 | 5.65} Bs } 0.7 14 |- 14] 2 + .03 7.0 
203374 21 16.7/4+61 25 6.64] Bone | i+ 8.4/4 oF] i+ .or| 2 + .23 8.9 
3407 21 17.3|/+64 27 | 5.18] B3ne +10.5|/— .13 i— .13| 2 + .06 7.0 
203064 21 18. 6/+ 9g 30 | 8.3 Ben | 28.5|- 20] — .20] 2 oco | 11.3 
203699 21 18.8|+13 37 | 6.71] Bse | 26.0 20} [=< S00s — .03 8.5 
203731 21 19.0|+40 16 | 7.42} B3ne_ | 7.3 07] | 07} 3 + .12 8.8 
203938 |21 20.2/+46 44 | 7.10] B2 | 2.9 13 i 235-3 + .33 7.8 
| | | | | | 
204116 21 21.4|/+54 57 | 7.96| Bon | 64.0'+ 3.2/+ .o9} + .og] 3 + .31 7 
204150 21 21.6)/+60 23 | 7 61| Bon | 07.7 wae Is ‘= 15] 3 + .0F Ir.o 
204172 21 21.71+36 14 | 5.84] Bc | §1.3|/—10.6 19 — .19| 3 + .03 9-5 
1403 21 23.2/+36 41 | 5.20] B3 | §1.9/—10.5 18 I— .18] 2 + .o1 74 
204530 21 24.2/+46 8 88) Bs | 58.4 3.6 12 — .12] 3 + .05 8.1 
| | ed 
204722 21 25.5/+43 54 | 7-52] B3ne_ | 57.1 5 10 |— 3 + .09 I 
20477 21 25.8}+66 22 | 5.42] Bsn 72.2|\+11 16 13|/— 2,1} + .03 6.8 
204827 21 26.11+58 18 | 83 | B 66.7 5 + 15 2 + .34 F 
0486 21 26.3\+45 4 6.96| Bsn |} 55 ‘7 14 - Tr .03 8.4 
205021 21 27.41+70 7 | 3.32) Br 74.9\ +14 25 i— 2 — .04 7.2 
| 
21 27.71+42 16 | 7.07| Bs(n)e | 56.2 6.9 II a + .06 8.2 
2 21 28.3/+60 1 5 Bis 68.1\+ 6.4 08 — .o8} 2 + .13 8.2 
2 21 28.6/+57 4] 7 Bos 66.2)/+ 4.1}+ .15 + .15] 3 + .37 8.7 
21 31.4|/+29 18 | 8 Bane 17.0 17.1 17 17] 2 + .02 10.3 
2 21 32.6/+57 1 8 $3 66.5 7 i—  .O2|— .o2] I ~T EF 9.7 
| | 
F235565 1 34.3\+51 3] 8.8 sone 62.9 I 20 | 2 oo | 11.8 
206165 21 35.2\+61 38 1.87\cB2 69.8 7 + 02 | 3 + .22 8.8 
20618 >t 35.3/+56 32 7.6 | Bo 66.5\+ 3.1 | II I + .I1 10.7 
206207 21 35.9/+57 2 5.64) O6n 66.9 3.4 06 | 2 + 17 8.9 
200327 21 36.3/+61 6 | 8.7 $2 69.5; + 6.6|/— .0o9 3 + .11 | 10.9 
} | 
206672 21 38.6|+50 44 4.78| B3 63.3 I.7i— .16 | 2 + .03 6.8 
206773 21 39.3/+57 17 | 6.98) Bone 67.4 3.41— .05 3 + .17 0.7 
207198 21 42.2/+61 59 | 5.97| Ogos 70.7i/+ 6.91+ .03 3 + .26 8.7 
207260 21 42.6|+60 40 4.46 cA2 69.9 5.74 Isjt+o0.15 | ie 20 8.6 
207308 21 42.9/+61 50 | 7.6 | Bz 70.¢ 6.6|—o.o1| } 3 +0.19 9.3 
| | | 
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2rhy3mr/+51° 39’ | 7 | Bae 64°4/— 1°4/+0.03 3! 3 
21 43.1/+48 51 | 4 B3 | 62.0|— 4.9 i¢ 16, 3 
21 44.6/+59 14 7 Ogss | 69.2/+ 4.5/4 3 t 
21 44.5|/720 O]| O $3 $3.6|—26.0 r¢ I 
21 45.6/+40 40 | 6.49/cAo 57.7 10.3/+ 1¢ II I * 
| 
21 46.2/+12 9 | 7.5 Bep 37.7| I.9/+ of ) 
21 46.5|+52 14 | 6 Ban 65.1 3 06 
21 47-1/+59 43 B3n 69.7 +. i 
21 47.8}+61 20 | 8.3 32 70.38/+ 5.9 I ! 
21 48.5|+25 27 | 5.05) B3 48. 3)—22.5 18 15 
} | 
21 48.8/+4 20/5 B8 | 67.3/+ 1 i¢ I 
21 49.7\|+ ra it Bis 71.5i+ 6.4/4 OI 1] 3 
21 49.7/+43 1] 9 Bo 60 8.9 2 | 
24 50.9/+62 8] 7 B3ne 71.6|+ 6.3 : ; 
St S55 50 8 I 358 05.0 I.4 
| | | 
21 52.9/+64 5.85} Bane 73-4|+ 8.4 I 
21 54.3}+60 49 | 6.9 32 71 rs I 
21 54.7/+65 41 6.28! B 74.0 8.9 I I I 
21 54.9 33 «9G | BI 3 54.¢ 17.4 I 
21 §5.11+ 61 5.99) Bss 34.4 37.5 1¢ I 
21 s6.2!/+62 7 8.7 B8 7? ¢ I I 
21 57 +56 14 8.3 | Bs) 68 1.0 >) 
21 57.6|+62 18; B 72.1 5 I I 
21 58.1 2 1.66) Bone 260.0 13.8 I I 
21 58.2/+52 5.66] Bs I I 
21 5§8.4/+61 417.9 B3n r.7 ) I 
21 5§8.7/+57 3! 50; Ogn ) I 
22 0.6/+59 I9 | +] Ban 70.9 I I 
22 2.0/4 5 | 6.1 B3 64.5 I I 
22 2.1/+61 48 | 5.17] Og 72.4 3 I i 
22 4.8) +560 38 9.0 B 2 4.1 5 I I 
22 4.8/+60 38 | 9 8 | Bs 72 }.1 i ort ile 
a2 §.2 2 4 5.40] Bs I ; 5 I I 
22 6-¢ ce af 87/| Bss 60.5 2 } I 
2 7.91751 56 7 OS 7.2 3-4 I 
S.1;/+55 5 5.1 Oont 7! 
IS.Sit § 17 | s $7 5.0 j1 5 
160.4 Se: 23 7.038] Bae 035.4 ¢ I 
16. 6)/+11 42 1.93) Be 43.9 7 I x 
22 16.9'+<4f 2 +. Of } 7 ) I 
6)/+41 36 | 6.27) B7 3.5 I I I 
31+ S54 44 5 cB3 70.¢ I ) ) 
2i+ oO 52 64! Brne 34.8 45.8 18 i8 
41+36 57 6.39) Bas 61.8 17 I I 
Ii +39 19 60.07 B ( I 1d 1d 
22 9/+64 37 6¢ Br 76.1 ( I I 
22 51753 44 ( »| Bs 7 ) 2 I I 
22 26.0'+64 6 4 B 6.2i+ 6 
22 20.1% 42 3 4.5 B ( { I 
22 27.3|+69 4 7.6 35S 75.9 I 14 I 
22 30.1/+40 10 7.0 9 15.4 14 I 
22 31.4 39-7 5 64.5|—1¢ 
22 31.4/+390 7 8 ne 64.5|—16 I I 
22 31.8\+49 33 20 9.7 ' II I 
22 31.9) +37 I9 | 0.75 03.7 15.1 
22 33.0/+38 55 | 7.4 | Bar 64.7 16.8 I I 
22 34.6/4 SI 6.67) B3 63.9 18.8 I I 
22 34.8/+4 32 | 4.91! Ogs 64.8 —17 3 2 
22 36.5'+10 19 3.61 B8 7.9 Te 14 14] 1 
22 36.6,4+ 19 | 7.30) B3s 56.8 30.7 12 I 
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DECL. 









































j > | | 
HD R A. m | SpPEc. | b saupeieaes Tena gamma! NS Ey |mo—M 
Ig00 | 1900 | | | ; | | 
| M | W | Mean 
ea x _© “~e Pp a 
214993 22h37mo9/-+39° 43’| 5.18} Bis 65°8! —16°5|—o. 20 |—0.20] 5 | +o.01 8.7 
PIS1QI 22 38.4|/+37 17 | 6.22! B3 64.8}—18.8}— .14} I— .14] 2 + (05 8 
15 22 38.6/+44 | 8.9 | Bne 68.2|—12.6/— .0o9 iI— .og| 3 + .t0 
a1 I 2 39.6|+64 | 6.76) B3 1 77.6/+ 5.7/— .11} l— .111 3 | + .08 | 8.4 
I 3 > 42.2/+16 | 7.2 32 53.9 37.0 13} i= 18] 3 | 7. 06 10.1 
| | | 
16014 22 44.2}/+64 32 | 6.83] Bo 77-9|+ §-.3/+ .05] + .05] 3 Pay 8.8 
16044 2 44.51+54 36 | 8.6 | Ba 73.7 3.7 08 I— .08] 3 + .32 |} 26.9 
EO 22 45.8)+41 26 | 5.84) B3 68 15.7|— .07 2) Co ee 
16248 22 46.3}+58 8 |10 B 75.4 0.6)}— .06/+0.02 00} 3,2) + .I9 | 
10411 22 47.6)+58 28 | 7 308 3s.7 O.4/+ .15 |7 15} 2 | T 337 8.5 
} | | | 
16438 22 47.8] +53 11 | 8.6 | Be 73.6 5.a|— rm aS 1-081 aa 
I 2 48.6)/+61 54 | 8.4 | B3 77.3 2.6)+4 + .0o8/+ .06) 2,1) + .13 9.7 
I ) 19.41+61 361 94|B 77-2\+ 2.3/4 + .25|/4+ .25| 7,2] t+ -44 
10655 19 6} +61 36 9.1|B 77.3 2.3\+ } 19|+ 19 5, 2} + .38 
6711 50.0| +62 4 9.2|B 77.5\+ 2.7/4 + .14/+ _ 4,4] 1 -35 | 
| | 
I 8 2 51.8|+61 46 | 8.3 B2 1 77.61+ 2.4/4 + .o8}+ 09} 4,11 + .29 9.3 
gl 22 51.917 4 5. 54h 635 69.1 16.5 |— .17| 4 + 02 7.6 
I 2 §2.0 22 | 8.7 B 76.2 0.7 + .271/+ .26] 3,11 + .45 
, 2 52.6/+62 19 | 7.76] Bs | 77.9 2.9 r .O4i- .0§] 3,3) + <4 7.8 
I 22 52.71+48 9 | 5.20] B3ne | 72.2|}—10.1 a 17] 4 + .02 7.3 
| | 
I I » 52.81+62 «s 9°0;B | 77.8|+ 2.6 + 20] + sal 4,21 + .38 
7101 11/+38 48 | 6 B2 68.3 18.7 - .I7| 2 | + 03 8.9 
I 4.2}+43 18 | 7.02] B3s 70.4 14.7 i— .16] 2 + .03 9.0 
1729 4.71+63 10 | 7.36] Bo 78.41+ 3.5|+ .o1| I+ .o1| 2 + .23 9-7 
8)-+62 14 | 9.2 | Ba 78.2|/+ 2.¢ Og|+ .12/+ .11] 2,2) + .3r | 10.0 
| 
».31+38 10 | 6.39] Bane 68.6|—19.5|— .16] | 16] 2 + .03 8.4 
7 3i+4ar 47 | 3.63] Bsn 70.3|—16 14 |— .14] 3 + .03| §.0 
17811 2 58.2/+43 31 | 6.32] B3s 71.2|—14.8 12 1— .r2| 2 + (07 8.0 
Sr 2 58.3|/+59 18 | 6.87) B3 77 10 | 10} 3 + .09 I ¢ 1 
17891 > 58.8 3 17 3.58) Bse 18 5 16 — .16] 2 + .O1 6.1 
| | | 
) , 54 6.57) Bs 77 2 IO i= 105-9 + .09 8.1 
; I 41 7.46) B2 79.0|+ 2.8/+ .10 + 10] 3 + .30 8.4 
23 «-2.1}+50 33 7.17) B3 74.¢ 8 18 — .18| 2 + .O1 9.3 
5 } 1 55 53 +.93\cBr 77.7 0.5 15 15! 3 Tr 03 | 10.2 
23 2.71+45 33 | 6.56] B3 72.8|—13.2 15 sis | 6a) Gig 
| | = an 
3 9 13 | 6.28] B3 77.9 0.5 12 12} 2 | + -07 | 8.0 
. 3-4 63 0 | ¢ } 79.3 at 12 52|- 331.3, 3) +. .O7 7.9 
18 1.8 19 7} 6 B3n 74.4 10.0 10 - 10] 2 + .og} 8.1 
. 3 §.21+64 41 | 6.6 B3 80.1 4.5 10 — .10] 3 + .o9 8.2 
801 6.7/+52 31 7.06| Ogos 76 6.9 10 10} 2 rT .53 10.7 
7.9\+64 11 | 7.22] Bs 80.2/+ 3.9 12| - ,32] 2 +, .O8 8.5 
88 8 9 4 27 6.9 Ben 2.3 50.5 14 14] 3 + «00 9.5 
) II 3 44 7| Bs 80.4 ‘2 10 10} 2 tT .O7 8.2 
are § 32.7 9 44 56) Bsn 7-4 62 II II} 2 tT .06 e-9 
3 15 60 3 6.82] Bs 9.8 0.3 08 — .08] 4 Tr .09 7.5 
| | | 
2 15 55 15 | 8.51} B(r)ne 78.1 1.8 13 I— .13] 3 + .0o8 | 11.6 
3 19.6 59 | ¢ Bs 79 3.4 ol |— .o1| 3 + .16 7.2 
19.9|+35 49 | 6.82) Bsn 72.4 :.3 16] 16} 3 + .OX 8.4 
I ea ae 1.89) Bz Ro. 2 2.6 18 - .15| 3 r .OF 7.0 
1711 19.4/-+54 560 | 7.41] B3 79.9 g.3 08 — .08 2 + .II 8.8 
| | | 
3 34.01/+56 26 | 8.7 | Bs 81 4$.4/— .o1] |— .o1| 2 + .16 9.2 
s 3 30.6/+67 48 | 8.1 B 84 6.5/+ .03] + 03] 2 + .22 8.8 
128 3 41.8) +66 13 5.94! Bas 84.2 1.0 14 — .14] 5 + 06 8.5 
I 3 42.0 5° 4I 7.47| Bs 80.7 10.3 12 — .12| 3 + .05 8.7 
) 3 42.6/+46 16 | 5.84) B3 79.8) —14.6 16 =~ 10 r.6s 7.8 
} 
) 3 43.6/+55 5 | 7.56] Bs 81.9 6.0/— .10} sai Se Ge... 8.7 
8 14.0/+61 4 5.61,cA2ea 83.4 + .88h> <23F* 28 O21 ee 9-1 
5 14.0, +56 4¢ 9.1 | Blo)ne 82.3 4.5 06|—o.10|— .0og} 2,2} + .13 | 12.1 
) 23 48.6 56 16 | 8.3 B2 82.90 5 15 15! 2 + .05 0.9 
) 38.9 +60 18 | 6.98 cAoea 83.7 1.1|+0.21 }+O.21) 3 | +0.31 10.3 
| | | 
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TABLE 3—Continued 


set as | | c | 
HD R.A. | DECL. | | Spe I b |———————_|No.| E. |m-—M 
I1g00 | 1900 | | | | | | 
| a M | W /Mean| | 
2230987 }23h 19™2|+61° 3’| 7.56) Bo | 83°29] 0°4| 0.08|/+0.08] 1 ea 
224055 123 49-7|+61 17 7.16\cB3ea 84.0]}— 0.1|+0.20 20] 3 | 39 | 9.9 
224151 123 50.5/+56 53 | 6.05] Br | 83.3/— 4.5/— .06 - 06] 0 15 | 8.6 
224404 123 52.51+59 28 | 6 42] B8n 83.9)— 2.0}— .02;— .08)— .05}] 3,1] + .08 6.7 
224424 123 52.71+59 9 | 8 + | Boea 84.0) — 2 ch 21 + 21 bE st 1 0.3 
| | | | | | | 
224544 123 53.7/+31 48 | 6.36] Bsne 78.7]}—29.2]/— .15 i ~ 15| et ‘ 7.8 
224559 123 53.8\+45 52 | 6.46} B3ne 81.7)—15.4 18 18] 2 + I 8.6 
224572 123 53.91+55 12 4 4.93} Ban S581 O81 57 — .17| 3 + .03 7.7 
224500 23 54.11\ +590 29 | 9.7 | B3n 1 84.2|— 2.0 o4]— .o4| 1 + 15 10.9 
224868 23 56.3)+60 17 | 7.36 Bs Re OL 2.3h— 200 of | II 8 2 
| 
224905 23 56.6/+59 54 | 8.5 33n | 84.6 1.7] 08 8} 1 11} 9.9 
225004 23 58.31/+63 5 6.26)cB2ea 85.3 Rid 03 02 .. 3 | 
225005 123 58.3|/+55 oO] 7.56] Bre | 84.0/— 6.5 10 Io ee 
225140 23 58.8/+60 33 | 8.6 | Bo 85.0 ris 02 c I BE. 
225160 23 58.9/+61 4o | 8.2 | O8ea 85.1 o.1|- 1/—-0.04 3} 2,2 so.) *2.4 
| | 
225190 23 59.21+53 43 | 7.55| B3 83.9 7.8|- 13 — .13} 2 | + .06 9.3 
225257 23 59.71+57 58 | 6.51] B3 84.8 3.6 >. 10 ©.10] 2 +oog| 8.1 
NOTES TO TABLE 3 
8768 HD magnitude 8.0 164992 HD magnitude 10.7 
21448 Double. 165595 HD magnitude 9.4 
24534 X Persei, spectrum variable, magnitude 165612, HD magnitude 8.9 
6.2-6.9 166568 HD magnitude 10.3 
25204 XA Tauri 166764 Spectrum doubtful 
25638 Magnitude of A; combined color 167224. HD magnitude 8.9 
28446 Magnitude of A; combined color. 167287. HD magnitude 8.3 
31293 Has interstellar D lines 167397. HD magnitude 9.2 
33203 Double. 167432 HD magnitude 10.6; combined magnitude 
36340 HD magnitude 9.0 and color 
36954 HD magnitude 8.1 167478 HD magnitude 10.3 
37022 Four stars, 5.36 O7, 6.84 B2, 6.85 Bo, 167611 HD magnitude 10.6 
7.93 B2; combined color equivalent to 168021A Magnitude of A; color of AB 
Bo. 168230 HD magnitude 10.6 
E259597. Poor. 168279 HD magnitude 10.6 
47398 Poor. 169753 RZ Scuti 
50820 Composite. 171432 HD magnitude 8.1 
53179 Z Canis Majoris, spectrum peculiar 174038 6 Lyrae 
100600 Magnitude of A; combined color 178849 Double 
142983 HD spectrum B3p 181987. Z Vulpeculae 
147933 Magnitude of A; combined color 189550 HD magnitude 8.5 
156247. U Ophiuchi. 191566 Magnitude of A; combined color 
156633  Herculis. 193237. P Cygni, spectrum peculiar 
1649 6 HD magnitude 9.0 198846 Y Cygni 
164947. HD magnitude 10.0 207757. Spectrum peculiar 


proper motions of the Boss General Catalogue and corrected them for 
the estimated absorption. With these we included new solutions 
obtained from radial velocities and from close pairs of B stars with 
the same color excess. The new scale of absolute magnitudes and the 
previous one for 733 stars are given in Table 4. 

In the present work we have not attempted to distinguish be- 
tween stars with sharp lines and those with nebulous lines except for 
the c stars. There are thirty or forty stars with outstanding color 
excesses which are probably unrecognized c stars. Likewise, among 
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the fainter B stars of the Henry Draper Catalogue, the presence or 
absence of the bright Ha line is not known. We have therefore used 
the mean absolute magnitudes of Table 4 without trying to allow for 
individual differences which, for a large portion of the stars observed, 
cannot be recognized. 

Results —The photoelectric colors of B stars furnish an excellent 
means for the study of selective space absorption in the galaxy, and 
the observational results in Table 3 have been communicated in ad- 
vance to several astronomers who were interested in this question. 


TABLE 4 


MEAN ABSOLUTE VISUAL MAGNITUDES 








Spectrum | 1332 Stars 733 Stars Difference 
| = 
cB, cA Sd. CER eet 
O 4.5 —4.0 = Ci8 
Bo — 520 | — 3.2 —0.7 
Br —3.6 —2.5 —I.1 
B2 3.0 —1.8 —1.2 
B3 | —2.2 ‘3 —0.9 
B4 —1.9 —0.9 —.0 
Bs —1.6 =O.7 —O0 
Bo “1.4 —0.5 —0.0 
B7 Eel Os —0.5 
BS 0.8 —<O.2 =—.0 
30 ia +o I =. 5 








At the McDonald Observatory symposium some of the general con- 
clusions we presented were: 

t. The color excesses of B stars are as closely correlated with the 
intensities of interstellar lines as the intensities of those interstellar 
lines in the same stars are correlated with each other. 

2. The reddest B stars are strongly concentrated toward the 
galactic equator. They are especially numerous toward the center 
of the galaxy, but do not occur near the anticenter. 

3. Inseveral bright regions of the Milky Way—namely, the small 
cloud in Sagittarius, the cloud in Cygnus, and the double cluster in 
Perseus—there are no B stars of normal color. The average color 
excess ranges from 0.10 to 0.20 mag., and hence all these star groups 
would look at least twice as bright if we could see them in the clear. 
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4. The apparent distribution of the reddened B stars shows that 
the absorption in the galaxy is obviously so irregular and spotted 
that a constant coefficient of absorption cannot be used for any large 
region of space. The assumption of a uniform absorbing layer near 


the plane of the galaxy will have to be revised. 


This investigation has been supported by grants from the Alumni 
Research Fund of the University of Wisconsin, from the Rumford 
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Observatory Council of the California Institute of Technology. 
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THE GENERAL ILLUMINATION DURING 
A TOTAL SOLAR ECLIPSE 


JOHN Q. STEWART AND C. D. MACCRACKEN 


ABSTRACT 

\lthough Halley noted at the total eclipse of May 3, 1715, that diffused daylight 
from outside the moon’s shadow was an important factor in determining the general 
brightness, its study since has been neglected. Observations of it during the long 
eclipse of June 8, 1937, at sea, from the Isthmian freighter ‘‘Steelmaker,” are given. 
Other relevant observations are reviewed. Remarks about the “globular corona” are 
included. A roughly approximate mathematical theory of scattering by pure air into 
the umbra is presented. The results are discussed for the noon point, as compared with 
the sunrise or sunset points, and for lunar shadows of different sizes and with the 
observer at varying distances off center. From two methods it is concluded that the 
integrated brightness of the horizon glow at the noon point at mid-totality, June 8, 
1937, was of the order 1/soooth zenith sea-level sun, or 100 full moons. This estimate 
may be too large by a small factor; but it is certain that diffused daylight far outshines 
the corona, even at the darkest eclipses. Careful observations of general brightness on 
October 1, 1940, will be desirable. 

It is emphasized that for study of the corona’s structure a large shadow with the sun 
near the zenith is a requisite (and it is desirable also that the observer be at a high eleva- 
tion). A list of six eclipses, 1940-1973, is given which come particularly close to this 
standard. In four of these the noon point is far at sea. 


In short reports' of observations made from the freighter “Steel- 
maker” of the total solar eclipse of June 8, 1937, attention was called 
to the unexpectedly bright glow which ringed the sky above the 
horizon. A detailed account has not been published previously. 


I. OBSERVATIONS FROM THE “STEELMAKER” 

During the 7™6° of observed totality (easily a record) the ship 
was proceeding along the central line of the shadow path, course 
88° true,at a reduced speed of 8 or g knots. The G.C.T.of mid-totality 
was observed as 20" 30™27°; ship’s time, 11:30:27 A.M. Ship’s position 
was W. 133°38’, N. 9°49/5. The exact noon point of the eclipse, at 
W. 13027’, N. 9 54’, was only tor nautical miles to the east. The 
sun’s computed zenith distance during totality was 14° 2. 

Although the importance of precise observations of general sky 
illumination was not fully recognized in advance, several officers 
and members of the crew were instructed in rehearsals to assist in 

J. Q. Stewart and James Stokley, Pub. A.S.P., 49, 186, 1937; Pop. Astr., 45, 358, 


1937 (but the longitude there is incorrectly given as W. 130°38’, for 133°38'); Pub. 
1.4.8.,9, 58, 1937. Seealso U.S. Steel News, 3, 12, 1938, and Yale Review, 29, §1. 1939- 
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identifying what stars became visible and to note the appearance of 
the moon’s shadow. The party was prepared for third-magnitude 
stars; but the dusk was unexpectedly bright, and Venus, Mercury, 
Sirius, Rigel, Betelgeuse, and possibly Procyon and Capella were all 
that were reported. At mid-totality ordinary newspaper print could 
just be read. 

The accounts of the ‘“‘Steelmaker”’ observers, compiled immedi- 
ately afterward, afford the following description of the passage of 
the shadow. The results are given in detail because no comparable 
account exists. Astronomers at eclipses have been so occupied with 
instrumental study of the sun itself that observation of the general 
twilight illumination is a neglected field. 

Weather conditions are of importance. On June 8, sky trans- 
parency remained excellent all morning but worsened rapidly after 
noon. Many cumulus clouds were low on the horizon, and close 
at hand low clouds scudded with the fresh breeze, which was 
from E. by N. The zenith remained continuously unobscured, al- 
though between first and second contacts there was an occasional 
alto-cirrus overcast. But the transparency which had permitted a 
daylight sextant altitude of Venus at 9:00 A.M. was, around the 
zenith, unabated through totality. 

Just before 10:00 A.M. first contact was timed, and a few minutes 
later the ship’s radio operator tuned in the broadcast of totality from 
Canton Island. Seventy-seven minutes after the shadow left Canton 
it reached the “Steelmaker.”” This must be the first time that the 
moon’s approach was directly clocked. The mate saw Venus shining 
out astern at 11:23. An arc of slate-blue shadow was rising then 
very swiftly up the western sky, overtaking the ship. Second con- 
tact was signaled at 11:26:56. So far as is known, no other ships 
were in the shadow track. There was no land within 1300 miles of 
the noon point. 

The shadow’s advance was not noticeable across the dull-slate sea. 
In the sky the shadow was clearly visible—a great dusky blue um- 
brella with tawny “‘twilit” sky ringing its moving rim. Only half a 
minute after second contact the shadow’s western edge, nearly 150 
miles away, was already evident. Above far clouds to the west 
diffused daylight completed a band of illuminated sky which ex- 
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tended altogether around the horizon. (A similar view of the farther 
margin of the oncoming shadow is depicted on Mr. Howard Russell 
Butler’s painting of the approach of the moon’s shadow on June 8, 
1918, at Baker, Oregon.) 

At mid-totality the saffron margin of daylit sky extended uniform- 
ly around the horizon of the “Steelmaker,’’ except perhaps due east- 
ward, where the sky was overcast. The yellow-tan glow reached 
then to a uniform altitude of about 14°. Where it met the blue 
shadow, it seemed almost as sharp edged as a sharp-edged cloud. 
The shadow, dusky blue with a slight purplish tinge, was darkest 
at the zenith. 

ven at mid-totality the corona contributed no appreciable frac- 
tion of the general illumination. The sky did not brighten much 
near the corona, although the non-appearance of Aldebaran, 12° 
from the sun, is indicative of a slight brightening. No shadows were 
cast by the corona’s steely light. The dusk was markedly deepest at 
mid-totality and decreased again as totality progressed. When deep- 
est, the dusk was not decidedly more than during a heavy thunder- 
storm on a summer day. 

At 6 minutes the oncoming light rode far up the west. No one 
noticed its gradation into blue; but when the diamond ring ap- 
peared, the sky was blue around the sun. The dull-blue shadow 
hurried down the east, its farther margin lost beyond the overcast. 

Measures of the corona’s brightness were secured? by two meth- 
ods. Photographs of it with short-focus cameras were unsatisfac- 
tory. Gyroscopic stabilization of camera platforms would result in 
very marked improvement,’ but coronal photography is not a 
promising field at sea. Airplanes or stratosphere balloons offer a 
stabler base. 

Visual inspection of the corona, on the other hand, can be carried 
out very well at sea. Viewed so near the zenith, it was extraor- 

2 James Stokley, Pub. A.A.S., 9, 59, 1937. The radio operator, the second assistant 
engineer, the deck engineer, and a member of the crew made the measurement with 
photocells. Stokley himself used a Macbeth illuminometer, and the results agreed in 


indicating that this corona’s total light was roughly equal to the light of the full moon. 
More precise measures on land gave about half the full moon’s light.) 


3H. L. Cooke, Report of the Canadian Air Board for 1922, pp. 62-69; U.S. Patents 


1586070-1, May 25, 1926. 
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dinarily sharp. The foggy, feathery appearance of the streamers 
common at lower solar altitudes was absent. The streamers ex- 
hibited hard geometrical outlines, but the longest was visible for 
only 2 diameters of the sun. Between this and a multitude of short 
needle-like spikes circling the moon, only a few minutes of arc in 
length, the gradation in size was fairly continuous. Captain Karl 
D. Lucas (observing from the wheelhouse roof) compared the stream- 
ers to searchlight beams shining across a fog. 

The inner corona, pure white and brilliant, showed no yellow 
tinge where it met the moon, and appeared unusually narrow—no 
doubt partly because of the splendid seeing which permitted follow- 
ing details of spikes close to the moon and partly because of the 
extraordinarily large difference between the angular diameters of 
moon and sun. For the latter reason the chromosphere was hidden 
during most of totality. Through field glasses one received the im 
pression that the inner corona as a separate entity might be non 
existent—that its apparently uniform brightness could represent 
closely crowded short radial spikes. Even the most unobservant 
members of the crew were impressed by the large prominences. 

One of the crew, W. S. Milliken, sketched the corona from the 
boat deck, giving especial attention to colors. The moon’s disk, he 
noted, was “grayish blue with brown center.’’ At second contact, for 
a fraction of a minute after removing his blindfold, he was more 
struck with a “pearly gray silver” halo around the dark moon, in 
which the streamers seemed imbedded, than with the streamers 
themselves. On his sketch he marked this halo as extending con 
tinuously out from the dark moon’s edge about a radius and one 
half, or 22’, not quite at an even distance all around but nearly so. 
In color its light resembled the streamers; it was a magnitude or 
more lower in surface brightness, according to Stewart’s recollec 
tion. Around its outer edge, Milliken noted, the sky was dark blue 
with a purplish tinge. 

This apparition strongly suggests the “globular corona”’ recorded 
for the Hayden Planetarium- Grace expedition on Major Stevens's 
photographs‘ 1} hours later. Because of the low sun near the 
Peruvian coast, these photographs, although from about 25,000 


+Statement from Harvard Observatory, The Sky, September, 1937. 
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feet, were taken through an air path about twice the optical length 
of the air path above the “‘Steelmaker.”’ Canton Island’s less favor- 
able location, at sea-level and with the sun at 22° altitude, made the 
air path toward the sun there longer still. The halo was not noticed 
by Mr. Charles Bittinger, the painter, nor, apparently, by other 
members of the party at Canton Island. At least one more eclipse 
will be required to confirm its existence. 

At eclipses astronomers have been, for many years, completely 
engrossed by exacting, prearranged programs. Worth-while contri- 
butions can be expected from acute observers who are free to look 
around. Certain types of observation can be made from fair-sized 
ships at sea, or airplanes, almost as well as from land. 

For the courtesy which made the two astronomers welcome as 
guests on the ship from Honolulu to Brooklyn, thanks are due to 
Captain Logan Cresap, marine superintendent, and Mr. John Mc- 
Auliffe, president, of the Isthmian Steamship Company (which is a 
subsidiary of the United States Steel Corporation), and to represent- 
atives of the Company at several ports. Acknowledgments are due 
also to the Matson Navigation Company, to Mr. Donald Morrison, 
to Dr. Gustavus W. Cook, and to Princeton University. 


II. OLDER OBSERVATIONS, AND DISCUSSION 


The antique but still stimulating historical summary by Robert 
Grant5 includes several comments on the general twilight illumina- 
tion during total eclipses. At Lodi in Lombardy, for example, during 
the eclipse of the morning of July 8, 1842, two reddish zones were 
seen extending along the horizon, one to the south, the other to the 
north.® ‘They were of a dull copper color, totally different from the 
ruddy hue of the aurora or the twilight. The rest of the heavens 
passed without any degradation |i.e., sharply?] to a dark azure in- 
clining to violet.”’ Stars of the first magnitude were seen, but not of 
the second. The noon point was in western Siberia, almost 3000 
miles east and north of Lombardy. The sun’s altitude in western 
Europe was low, and the elongation of the moon’s shadow there to 
east and west accounts (see sec. iii) for the failure of the copper- 
colored zones to continue along the eastern and western horizon at 


History of Physical Astronomy, pp. 358-412, London, 1852. 6 Ibid., p. 370. 
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Lodi. At one or two recent eclipses, with the sun at low altitudes, 
photographs of the horizon glow have been taken which show it 
similarly rising higher in the sky to north and south than to east 
and west. 

Grant’s records make it plain that not uncommonly stars con- 
siderably fainter than the first magnitude are visible to the unaided 
eye. It was Edmond Halley who called attention to diffused day- 
light from outside the moon’s shadow as an important factor in de- 
termining the general brightness, and on this principle explained the 
fact that at London the obscurity at the total eclipse of May 3, 1715, 
was less intense than in parts of England which were more deeply 
immersed in the moon’s shadow. Remarkably little attention has 
been paid to the problem since. 

On June 8, 1937, Dana K. Bailey, of the Hayden Planetarium 
Grace expedition, stationed with Serge A. Korff at Moro, Peru, 
at 2400 feet elevation (the sun’s altitude during eclipse being only 
8°) reported’ that stars of the third magnitude became visible. 

Evidently the position of the ‘“‘Steelmaker,”’ although the best 
position occupied by astronomers known to history with regard to 
length of totality, was not the best with regard to lack of illumina- 
tion (but see secs. v and vi). We tentatively attributed the un- 
expected brightness to a very high, thin haze, because Stewart had 
not noticed the saffron color from Garden City, Long Island, on 
January 24, 1925, or from Locke Mills, Maine, on August 31, 1932. 
The visible arcs of low sky had a bluish-white hue at these places, 
which were near the shadow edge. The discussion in subsequent 
sections shows that scattering of sunlight from outside the 1937 
shadow by pure air would have diffused about the amount and color 
of light observed from the ship. The hypothesis of an unusual strato- 
spheric haze therefore is withdrawn.* 

It would be possible to quote statements in the recent literature 
which imply that most of the general illumination comes from the 
corona rather than from the scattered daylight, although the con- 

7 Dorothy Bennett, Pop. Astr., 45, 356, 1937. 

§ Report of Princeton University Observatory for 1937, Pub. A.A.S., 9, 197, 1938 
Mr. E. W. Woolard, of the United States Weather Bureau, in correspondence during the 
late summer of 1937 suggested, after conversation with Dr. Humphreys, that scattering 


by pure air might be adequate. 
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trary is definitely the case, as Dr. W. J. S. Lockyer and others? have 
indicated. Lockyer’s interesting paper contains an inadequate state- 
ment of theory: “At the sunrise and sunset ends of the track the 
illumination will be greatest, and it will be least on that portion 
where the sun is on the meridian during totality. Further, the nearer 
thesun is to the zenith during totality the more the illumination 
will be reduced.”’ The discussion below indicates the exact opposite 
for long eclipses. If the moon’s shadow is small, as it was for the 
eclipse he discussed, his statement holds—indeed, an eclipse total at 
noon may even be annular elsewhere. 

The papers quoted by Grant would repay careful re-examination 
by a modern student of archeological bent. Grant’s quotations are 
not uniformly trustworthy, as is indicated by his assigning a wrong 
date to the annular eclipse of September 18, 1838, which Joseph 
Henry observed in Princeton, New Jersey. 

III. AN APPROXIMATE ANALYTICAL SURVEY OF THE PROBLEM 

Because of the importance of secondary and tertiary scattering, a 
complete mathematical study of the diffusion of sunlight into the 
moon’s shadow in the air would be very involved. The “primary”’ 
scattering of direct sunlight occurs only outside the shadow. Under 
the shadow “‘secondary”’ scattering from the rays coming in more or 
less horizontally throws light into the air overhead. And other 
scattering diverts some of it down again. These latter two processes 
do not increase the general brightness, but they are just the processes 
which mask faint details of the corona. Other secondary and tertiary 
scattering in the lower air reinforces the original horizontal incom- 
ing beam, reducing the effective extinction and tending to increase 
the general brightness in the shadow. 

All these processes occur at all levels in the atmosphere where the 
density, and so the efficiency per unit volume as scattering agent, of 
air has values widely various. The scattering is sharply dependent 
upon the wave length of the light. Even if the air is altogether haze- 
free, the presence of shadowing masses of clouds or mountains, or of 
bright snow fields, would introduce an additional complication. 
Molecules do not scatter equally in all directions; scattered light is 

9 W. J. S. Lockyer, M.N., 87, 668, 1927; 88, 97, 1927; G. Armellini and G. Conti, 
A.N., 230, 434, 1927. 
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polarized. The energy of solar radiation is a function of wave 
length, as is also the sensitivity of the eye to radiant energy. 

All these considerations are concerned in calculations of sky 
brightness in normal twilight and when the uneclipsed sun is above 
the horizon."’ At eclipses the variation in color and brightness of the 
partly eclipsed sun, due to limb effect just outside the umbra, re 
quires also to be included. 

The following treatment is simplified to a point which reduces 
accuracy to orders of magnitude only. 

Taking the earth’s radius as r, the height y above sea-level of a 
point P in the air which appears at an altitude @ to an observer at O 


is, approximately, 


y=xtanod+ —, (1) 





where x is OP cos 6, and x’ /r’ has been neglected. 

The scattering of an element of air at P will be linearly propor 
tional to the density of the air there. Hulburt,'' extending well 
known tables of W. J. Humphreys,” adopted for 7, the number of 


molecules per cubic centimeters 
n = Ne~”¥, (2) 


where, below y = 10° cm (or 10 km), pf is 1.11 X 1to-° cm“; and 
above, pis 1.54 X 10 °cm' 

At a distance z outside the edge of the umbra of the moon's 
shadow (s being measured at right angles to the axis of the shadow 
cone in the plane tangent to the earth at the center of the umbra 
the fraction, o, of the sun’s disk exposed can, nearly enough, be 


represented by 


o not being too large. Here A and B depend upon the distances at 

the particular eclipse of the sun and moon from the earth's shadowed 

surface. For the noon point, June 8, 1937, the moon’s distance was 
EK. O. Hulburt, J. Opt. Soc. Amer., 28, 227, 1938 


1t [bid., eq. \3 Physics of the 177, Pp. 74, Philad Ipl ia, IQ2Q 
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354,000 km. A shift of 103 km in z corresponded, therefore, to a 
shift of 1’ of the moon’s disk in front of the sun’s. The ratio of 
angular semidiameters, moon to sun, was about 16'9/15/8. Two 
disks in this ratio were cut from graph paper, and a count of squares 
showed that, with o < ¢ < 0.08 and o < z < 600 km, A was 
924 X 10°? km™ and B was 1.38 X 10-7 km~*. Because of darken- 
ing at the limb, the fraction of full sunlight available to illumine 
air at distance ¢ is less than a. The ratio of light (compared to full 
sun) to area, ¢,, becomes less the shorter the wave length. It varies 
through the visible region roughly from 4 to ¢ for the region of the 
limb which is effective.'3 In an exact solution ¢, would have to be 
found as a function of z as well as of \. In the relations immediately 
following, ¢, is assumed independent of z. 

Combining (1), (2), and (3), the total energy scattered in all direc- 
tions from a unit volume of air at P is proportional to 


S = kl,(Az + Bza?)e—P@ tan OF s%/ar) (4) 


where J, is the intensity of primary sunlight at P. The factor ky is 
the scattering coefficient and is a function of the wave length X. 

For an eclipse with the sun at the zenith, the umbra projects as a 
circle on the earth’s surface, of radius 6, and 


z=x-—), ( 


wn 
~~ 


if O is at the center of the shadow. For the eclipse of June 8, 1937, 
b was about 124 km at the noon point. The zenith distance of the 
sun there, practically at the position of the “‘Steelmaker,”’ can be 
taken, nearly enough, as zero. 

The energy which reaches O directly from P along the line PO is 
reduced by secondary scattering below the value S of (4). The 
length PO is x sec 6, but the density of air along PO varies with its 
elevation above sea-level. The total air mass along OP is derived by 
substituting (1) in (2), multiplying by dx sec 0, and integrating from 
O to x. This, in turn, must be multiplied by the scattering co- 
efficient (which is proportional to &,). The exponential function is 
taken of the resultant quantity with sign reversed, and this repre- 


G. Abetti, The Sun, pp. 315-317, New York, 1938 
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sents the fraction of the energy S which survives as far as O in the 
direct beam along PO. 

The final brightness of the sky as seen from O at altitude 6 re- 
quires integrating this result, in turn, with regard to all elements P 
outside the shadow along a straight line OP of indefinite extent. In 
addition, in an exact treatment, the solid angles of the elemental 
ray cones would be considered. The full analytical treatment is in- 
tricate, and in order to feel out the problem the two integrations 
were performed numerically in illustrative special cases. Further- 
more, in order to avoid complication in dealing with scattering in 
different directions, it was assumed that half the scattered energy S 
of (4) moved toward O (and that the other half moved out to space). 
This assumption can be correct only with respect to order of magni- 
tude. It finds partial justification in the well-known principle that 
the brightness of an extended surface is independent of the dis- 
tance. 

The sunlight effective in producing the horizon glow always comes 
from regions fairly close to the limb. It was taken as equivalert ap- 
proximately to black-body radiation at a temperature of 5700’. 
The corresponding computed intensity J, from Planck’s formula as 
a function of wave length is listed in Table 1. The energy wave- 
length distribution is a bit flatter to the redward of the maximum 
than it is for the whole sum. Table 1 also gives the scattering co- 
efficient £, in-a special form. It was computed from the well-known 
Rayleigh formula relating scattering to refractive index; values of 
the latter were taken from the Jnternational Critical Tables.4 
Table 1 also includes, for reference, the relative sensitivity, S,, of an 
average eye to light of different wave lengths." 

The projection of the umbra of the moon’s shadow on the earth’s 
surface can be taken, in general, practically as an ellipse with a semi- 
major axis, a, extending in the azimuth of the moon and enlarged 
over the radius of the shadow cone, 0, by the factor, cosec /, or the 
cosecant of the sun’s altitude. The semiminor axis, 6, is equal to 
the radius of the cone at the region of intersection with the earth’s 
surface. Consequently, the eccentricity of the ellipse is cot / and its 

47, 2-3, New York, 1930 

‘5 R. A. Houstoun, Vision and Colour Vision, p. 81, London, 1932. 


GENERAL ILLUMINATION 61 


area is rb? cosec h. Evidently in eclipses of moderate or long dura- 
tion the area is much greater where the sun is at a low altitude than 
it is at the noon point, for cosec / increases faster than 5? decreases, 
for such eclipses, with decreasing h. 

For example, inspection of the co-ordinates of the shadow track, 
June 8, 1937, in the American Ephemeris shows that the diameter 
of the moon’s shadow cone where it intersected the earth was about 
125 miles at the sunset point and about 155 miles at the noon point. 

From the foregoing formulae numerical results were worked out 
for sky brightness at various altitudes as seen from the noon point, 

TABLE 1* 
SCATTERING COEFFICIENT, SOLAR INTENSITY, AND EYE SENSITIVITY 





0.65 0.000 


| | | 
» ky | Ty | Sy Sykn | aN 
| | aa ~ _ 
3000 1.142 0.44 | 0.000 ©.0000 | 0.32 
4000 } 0.335 56 0004 ©O.o1160 | 42 
5000 | 0.135 | 99 32 4.4105 | 51 
6000 0.065 | 93 63 3.8084 | 59 
7000 0.034 | 80 004 0.0109 | 64 
8000 0.020 | 0.0000 | 0.68 
| 


* is wave length in angstroms. k, refers to extinction produced by Rayleigh scattering by pure air; 
if J, is the initial intensity, then J,e~*d is the surviving intensity in the direct beam if the light has passed 
through 7.991 km of air at sea-level density (the height of the homogeneous atmosphere) I, is the inten- 
sity of sunlight from near the solar limb, computed from Planck’s formula for a temperature of 5700° K, 
in terms of the intensity at the maximum, which is at A 5070. Sy is the relative sensitivity of the eye to 
radiant energy of different wave lengths, the maximum being 1.00 at about A 5575. E) is the intensity of 
radiation close to the sun’s limb (0.95 of a radius from the center), in terms of the intensity at the center 
of the disk 
both for an observer at the center of the shadow and for one off 
center. Results also were secured for a sea-level position on the 
central line near the coast of Peru and for an airplane there at an 
elevation of 25,000 feet. Two wave lengths, one in the violet and 
one in the yellow, were used. These computations were made by 
Messrs. O. H. Reeder, H. Johnson, Jr., and especially by C. D. 
MacCracken, undergraduates in Princeton University. 

Because of the approximate character of these computations, it is 
not worth while to publish tables of the results. The results in de- 
tail substantiate statements made in the next section, which intro- 
duces also supplementary principles relating to sky brightness dur- 


ing eclipse. 
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One important general consideration remain: ‘o be emphasized. 
The illumination from the horizon glow during « eclipse, traveling 


into the shadow more or less horizontally, does in itself reduce 
the shadow’s blackness in the sky overhead. It the scattering 
downward of that glow by the air above the obs« which masks 


faint stars and faint details of the corona. 


IV. RESULTS OF COMPUTATIONS OF SCATTERI OF LIGHT 
INTO THE MOON’S SHADOW IN THE 


The numerical integrations described in sect ili yield sky 
brightnesses expressed in arbitrary units. In ord > get a rough 
absolute calibration, similar numerical integrat} were carried 
out for the uneclipsed zenith sun. H. H. Kimb *bservation™ 
served here—that with a clear blue sky near sea-i -nd with the 
sun near the zenith, about 1/9th as much light fall: a horizontal 


surface from the sky as directly from the sun. The nclusion indi 
cated (but see sec. v) that for the position of the ‘ ‘teelmaker”’ at 
mid-totality the total light of the horizon glow all ; ound the sky 
due to Rayleigh scattering by pure air would hav been roughly 
1/ 5000th as bright as is the zenith sun at sea-level computing 
this result, the effective limb light was assumed to — 2. out 0.7 as 
intense per unit area of the solar disk as is the aver © light of the 
whole disk (¢ = 0.7; in Table 1, & is the ratio to light at the 
center of the disk, not to the mean). 

As for the color of the light in the horizon glow xtinction in 
creases as scattering increases. Outside the shado. yellow light 
will be scattered much less than blue (cf. Table 1); sut under the 


shadow there is no direct sunlight to be scattered, 1 secondary 
scattering reduces the strength of incoming beams. 1¢ reduction 


factor there, increasing exponentially with distance. vercomes, in 
the violet and blue, if the shadow is wide enough, th nitial disad 
vantage of the yellow. If the shadow is wider still, 1 © should pre- 
dominate in the horizon glow, at least in its lower 7 +. But near 
the edge of any lunar shadow the diffused sunlight  m that side 
should be almost the normal blue. It should be incre ed a little in 
average wave length as a result of the lower effective 1 ‘mperature of 


© Monthly Weather Review, 42, 650, 1914. 
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the limb light; bv ‘-the increase is slight and at an annular eclipse 
blue sky presuma!ty remains blue. 

It is worth 1\‘ng, in this general connection, that the conven- 
tional stateme. - hat normal daytime sky is blue because scattering 
sharply increas the wave length decreases is incomplete. And 
it is incomplet« wholly aside from the energy frequency character- 
istic of sunligh’ If the earth were so large as to be nearly flat with 


respect to th ance which red light can travel through sea-level 
atmosphere |! e being reduced, by scattering, to half its initial 


intensity, ther’ ie sky around the horizon on a transparent day 
would be, nov’ ‘ue, but the color of a white surface in sunlight. 


Actually, the « "rest sky is a bit less blue, and brighter, around the 
horizon tha: “he zenith. On a day with slight haze the horizon 
sky is made v '” jwish or white by the relative increase in scattering 
of the long. ‘vaves. When sunlit air beyond the margin of a 


thunderstorm ‘“an be seen at a distance, with the line of sight passing 
under the sha‘iowing storm-clouds, sometimes a saffron color ap- 
pears which ‘‘osely resembles that seen during the 1937 eclipse. 
Presumably °ze in the air beneath the clouds so increases the 
scattering .s ) make the relatively small cloud-area the approxi- 
mate optical juivalent of the moon’s shadow. 

The total “tht from the horizon glow at an eclipse, integrated 


} : 7 ; 7 
around the le, is computed as greater as seen from a high air- 
plane than . seen from sea-level, because the dip of the horizon 


exposes low ‘evation, relatively dense, sunlit air. However, the 
aie a ‘ 

upper limit 0° the glow, where it meets the shadow, would come at a 

lower true of ular altitude from the airplane than at sea-level, 


because the © ‘\ttering from high-elevation air is so small. 
For the pe tion of the ‘‘Steelmaker’’ the numerical computations 
indicate an ective upper bound lower than the observed 14° at 


mid-totality. Secondary scattering was neglected in these computa- 
tions; if inc’ led, it would tend to reduce the discrepancy, as well 
as to increa-. the estimated total illumination. 

Examinat 1 of the detailed computations shows that go per cent 
of the diffuse.i daylight in the horizon glow at any azimuth in an 
eclipse shado’* comes from air closer (horizontally) to the observer 


than roughly 250 miles. 
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At Moro, Peru (W. 78°10'5’’, S. 9°8’5’’), the sun’s altitude during 
totality on June 8, 1937, was about 8°; the shadow’s semimajor axis 
there was about 400 miles, nearly east and west. Its semiminor axis, 
as indicated above, was about 62 miles. This indicates at once that 
no appreciable diffused daylight would have been visible above the 
horizon in the direction of the setting sun or in the opposite direc- 
tion, at mid-totality. The glow would have reached the highest and 
would have been the strongest toward the north and south. Conse- 
quently, as compared with the noon position, the general illumina- 
tion would have been reduced, owing to this effect alone, by a factor 
of the order of 3. 

Detailed comparison of this sunset position with that of the 
“Steelmaker”’ is instructive. The sunlight’s intensity in the effec- 
tive circle of scattering air would have been reduced at Moro in the 
ratio sin 8°/sin 76°, or 1/7. But the whole mass of air around the 
shadow would scatter just as much light from the low altitude as 
from the zenith beam if it were not for the increased shielding of 
low-elevation by high-elevation air on account of the longer air 
paths. For, if a volume of air is flooded with sunlight, the direction 
of the sun does not affect the amount of scattering. Referring to the 
values of k, in Table 1, it is evident that with an air path half a dozen 
times that for the zenith sun the factor of reduction at sea-level due 
to such shielding would amount to about e~°? at \ 7000, to e~°* at 
d 6000, and to e~?®, or 0.15, at A 4000 (secondary scattering would 
make the reductions less severe). Averaging, the reduction factor 
in the general illumination at Moro due to the shielding would have 
been roughly }. It would have been much more important in the 
violet than in the red. 

On the other hand, the diminution in the radius of the moon’s 
shadow cone by about 25 km would make for a relative increase, in 
Peru, of the horizon glow by a factor dependent in part upon the 
average extinction in an air path of that length. This is because 
sunlight scattered toward the center by a given element of air out- 
side the shadow would itself be reduced by further scattering before 
it reached the observer, as has already been emphasized. A hori- 
zontal air path of 25 km at sea-level reduces by pure Rayleigh 


scattering the intensity in the direct beam to about 35 per cent for 
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4000, but for \ 6000 the corresponding reduction is much less 
marked—to about 80 per cent. Since much of the light in the hori- 
zon glow comes in along paths through high-level air, of much 
diminished density, it is at once evident that the general illumina- 
tion—striking some average for color and path—would not have 
been increased more than a few per cent—say to per cent—by the 
diminution of 25 km in Bb. 

The diminution in } also would tend to increase the angular width 
of the horizon glow, as seen from the shadow’s center, approximate- 
ly in the ratio 124/100. Its integrated brightness would increase by 
a ratio somewhat less, for the brightest part would lie at the lowest 
angular altitudes, where scattering would be greatest. We adopt a 
factor 1.15 to represent this effect. 

In addition, the elevation of the Peruvian party was about 2400 
feet, where the barometric pressure is reduced to 700 mm, as com- 
pared with the 760 mm at sea-level. Thus the mass of scattering air 
overhead was reduced to about 0.9, as compared with sea-level. The 
sky brightness overhead would have been reduced in no greater pro- 
portion (see below). 

The combination of the five factors—nominally, 3, }, 1.1, 1.15, 
and o.g—-amounts to a theoretical reduction of roughly a magnitude 
in overhead sky brightness for Moro, as compared with the post of 
the “‘Steelmaker,” 3700 miles west of Balboa. The difference in the 
faintest stars recorded at the two locations is roughly 2 mag. In the 
Pacific the limit seems to have been near Betelgeuse, as contrasted 
with “third magnitude”’ at Moro. Such observations must be sub- 
ject to a considerable personal equation. At certain other stations 
in Peru stars as faint as magnitude 3 were not noticed. 

Furthermore, the sky brightness changes during totality—but, 
from all that has been said, it is clear that the integrated brightness 
of the horizon glow during totality due to scattering by pure air is 
not enormously sensitive to the observer’s position in a shadow. 
Along the exact central line there should be a diminution of the 
order of only 1 mag. in the general brightness between second or 
third contact and mid-totality. If the observer is off center to north 
or south, the brightness at mid-totality, although not at the con- 
tacts, is correspondingly increased. Near the sunrise or sunset point 








66 JOHN Q. STEWART AND C. D. MacCRACKEN 


the general illumination should be several times less at mid-totality 
than at the noon point, if the moon’s shadow is large; but if the 
shadow is small, it is the noon point which has the greater integrated 
horizon glow. The difference in general brightness at mid-totality 
for a large shadow and a small one also can range only over a magni- 
tude or two. 

Even in the limiting case of zero duration of totality, with equal 
apparent diameters of moon and sun, the average intensity of sun- 
light in the effective circle 250 miles around the infinitesimal shadow 
is reduced by an average factor of the order of 100, as compared 
with no eclipse. Since the sky with zenith uneclipsed sun gives about 
1/gth of the sun’s brightness, it is evident that the sky glow in this 
limiting eclipse will amount to the order of 1, roooth of the zenith 
sea-level sun. (If the moon were nearer and correspondingly smaller 
in linear size, this brightness would be greater, owing to the smaller 
penumbra.) Deep immersion in a large shadow cuts down decidedly 
the blue and green light, because of atmospheric extinction, but af- 
fects the yellow and red principally only through the reduction in 
the angular height of the glow. 

The obliquity of the shadow as it strikes through the air near the 
sunrise and sunset points should give rise to a very pretty phenome- 
non—indicated by Professor Russell in conversation. At the sunrise 
point the shadow is moving vertically downward toward the observ 
er, with a speed of more than half a mile per second. Consequently, 
a few seconds before second contact the sky overhead should be 
dark, but instantaneously after third contact the whole sky should 
be sunlit, for the shadow has ‘‘gone to earth.” At the sunset point 
the order of these two aspects reverses; there the shadow, as it were, 


comes out of the earth at second contact. 


V. ESTIMATES OF THE HORIZON GLOW AND OVERHEAD 
BRIGHTNESS DURING TOTALITY 

In section ili the rough estimate was presented that the total 

brightness of the horizon glow at the noon point on June 8, 1937, 

was 1/5000th of the zenith sea-level sun. Supplementing this, an 

independent approach can be made by considering the disappearance 

of the coronal streamers after third contact. Equation (3), with the 
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values of A and B already indicated, shows that for the first minute 
or so of time after third contact the area of photosphere exposed in- 
creased linearly with the time. The velocity of the shadow eastward 
across the sea was about 35 km/min. After 1 minute, 1/300th of 
the disk was exposed. Taking the effective darkening at the limb for 
the first minute as 3, the illumination from the photosphere imme- 
diately after third contact was increasing at the rate of 1/36,cooth 
of the zenith sea-level sun per second. 

The coronal streamers certainly disappeared within a few seconds 
after third contact. The horizon glow just before third contact 
stretched far up the western sky and, as stated above, must have 
been a magnitude or so brighter than at mid-totality—say, 1/2000th 
of the full sun. The returning photosphere would not have attained 
this brightness until 18 seconds after third contact. 

Light from the photosphere would be much more effective, how- 
ever, in masking the corona than light from the horizon glow, for 
four reasons. First, a factor of 2 is introduced because of the effect 
of polarization on the intensity of scattered light. Light from the 
horizon glow must have been plane polarized, and so only 50 per cent 
effective in producing secondary scattering overhead. Light from the 
sun direct, of course, was unpolarized. Second, referring once more 
to Table 1, the greater relative strength of the photosphere in blue 
light, even at the limb, as compared with the horizon glow, would 
have resulted in a second increase in efficiency in the scattering it 
produced. Just before third contact, the horizon glow itself must 
have been richer in blue, to the west, than at mid-totality. The fac- 
tor in favor of the photosphere, nevertheless, must have been sig- 
nificant; assume that it was 2. Third, the glare of the photosphere 
beside the corona must have reduced an eye’s sensitivity to contrast 
and so caused a premature disappearance of the streamers. The fac- 
tor of correction necessitated by this effect cannot be estimated 
offhand; if it is also taken as 2, then the sky brightness masking the 
corona would effectively have been doubled only 2} seconds after 
third contact. This seems a reasonable agreement with the observed 
disappearance of the streamers, but obviously considerable uncer- 
tainty remains. 

The three factors already mentioned come into account even if 
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the air is perfectly free of dust and haze. The presence of such foreign 
matter, through diffraction and refraction, would increase still fur- 
ther the sky brightness within a few degrees of the photosphere 
and this, fourth, factor might well be the greatest of all. 

The argument of this section roughly confirms 1/s5000th of the 
zenith sea-level sun as the integrated brightness of the horizon glow 
at mid-totality at the noon point, June 8, 1937 (but suggests that 
this estimate ought to be reduced somewhat). 

Kimball'® found that the intensity of zenith sunlight at sea-level 
on a horizontal surface was about gooo foot-candles on a clear day. 
Thus the total brightness of the horizon glow at mid-totality comes 
out, from the foregoing estimate, as 1.8 foot-candles. Its intensity, 
on a vertical surface, would have been 3(2/7) times this, or 0.6 foot- 
candle. The intensity on a horizontal surface would have been much 
less because of the grazing angles. 

Taking the full moon’s brightness as about 1, 500,cooth the sun’s, 
the total horizon glow was equivalent to roughly no more than 100 
full moons——or 200 coronas. Per unit angular area, however, the 
horizon glow would have averaged only about 1/25th of the full 
moon’s surface brightness; its color probably averaged a bit redder 
than the zenith moon. 

The relative weakness in blue of the horizon glow at mid-totality, 
combined with its disadvantage due to polarization already men- 
tioned, would have made it four or five times less effective in masking 
faint stars and coronal structure than the ratio 1/ 5oooth of the sun 
would indicate. Such masking depends on secondary (and tertiary) 
scattering. 

The average brightness in the moon’s shadow overhead, caused 
by scattering of the horizon glow, comes out per unit angular area 
as less than 1/10,oooth that of the normal daytime sky. If multiple 
scattering were included, this estimate would be increased. Remem- 
bering that there are 20626.5 square degrees in a hemisphere and 
that the integrated brightness of the normal daytime sky is greater 
than 1/gth of the sun (which is the intensity on a horizontal sur- 
face), the average brightness of the shadow in the sky works out as 
less than, say, 1/12,500th of the moon’s surface brightness. Thus, 
the average illumination in the moon’s blue shadow in the air over- 
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head, owing to secondary scattering alone, was, per unit angular 
area, perhaps five hundred times fainter than the illumination in the 
horizon glow. 

The moon’s shadow was blue, not orange. Blue light had a factor 
of roughly 5 in its favor over orange, with regard to efficiency of the 
secondary scattering; but the blue in the horizon glow at the center 
of the shadow may have been reduced by an even greater factor, as 
seen from sea-level. Presumably the strength of blue remaining at 
high elevations in the air helps to account for the shadow’s color— 
but this illustrates another complexity in the general problem. An- 
other factor accounting for the blueness of the shadow is multiple 
scattering, which would be significant only in the blue and violet. 
Blue is readily removed from direct beams, but it does not readily 
dissipate from the sky. 

VI. THE COMPARISON OF ECLIPSE SITES 

The quantitative conclusions presented above are uncertain with- 
in a factor of 2 or more. They are given in detail chiefly as suggest- 
ing further study—and especially observations at future eclipses. 
When adequate observations become available, it will be possible to 
make the theoretical treatment less imprecise; cf. Hulburt’s inter- 
esting study" of normal twilight. 

For taking instrumental observations of sky brightness during a 
total solar eclipse, moving photographic films, exposed through two 
or three different color filters toward various altitudes and azimuths, 
doubtless will be preferable to a bank of photoelectric cells. The lat- 
ter would require being connected to recording galvanometers, and 
calibration might be more difficult. In addition, sky conditions 
should be noted carefully with regard to clouds and transparency. 

When spectroscopic studies of the chromosphere are in question, 
the considerations advanced in this paper are of no importance with 
regard to the selection of eclipse sites. Sky brightness is very sig- 
nificant, however, when the structure of the outer corona is to be 
examined. In comparing different eclipses and different positions for 
observation at the same eclipse, there is little advantage in drawing 
detailed numerical conclusions from this preliminary study; but 


three principles stand out. 
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1. Provided the moon’s shadow is moderately large at a given 
eclipse, there is not a very large gain to be expected in general dark- 
ness at another eclipse with the maximum shadow. 

2. Small zenith distance for the eclipsed sun is very important for 
obtaining distinctness of the corona. At low solar altitudes the ab- 
solute brightness of the corona is reduced by atmospheric extinction, 
which is particularly effective in the shorter wave lengths. Further- 
more, even though the brightness of the horizon glow is less with a 
low sun, sharply increased secondary scattering in the long air path 
toward the corona will more than counterbalance this diminution, 
leading to increased masking at large zenith distances—again par- 
ticularly in short wave lengths. The combination of these two in- 
fluences, with a low sun, can result in reducing the difference be- 
tween corona and sky-foreground by a magnitude or more, as com- 
pared with an eclipse near the zenith. 

3. If the observer can attain a high elevation above sea-level, the 
differential between corona and sky is further increased. With large 
lunar shadows the masking in the blue and violet, with pure air, 
does not decrease as rapidly with elevation as the barometric pres 
sure decreases, because, as has already been indicated, short waves 
in the horizon glow are blocked out at sea-level and are effective only 
at high elevations. With a zenith sun the gain in the differential at 
5 miles of elevation again could be more than a magnitude, as com 
pared with sea-level. With a low sun the gain could be more. 

The noon point, June 8, 1937, offered perhaps the best view of the 
corona in modern history; it is unfortunate that full advantage was 
not taken of it. The elevation which Major Stevens and his party 
attained would have earned them a still better view had it not been 
deteriorated by the low altitude of the sun. 

Three conditions determine that an eclipse be observable at the 
zenith in the darkest overhead sky: (1) moon at perigee; (2) earth 
at aphelion; and (3) latitude of noon point equal to sun’s declina- 
tion. The requirement that the noon point lie on the earth’s equator 
is significant for duration but not for darkness. Future eclipses which 
come somewhere near meeting the three requirements for maximum 
darkness are readily selected from tables of eclipses. In Table 2 are 
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listed the six eclipses from 1939 through 1975 which have durations"? 
at the noon point’® longer than 4™2 and for which the sun’s zenith 
distance is less than 30°. That of 1940 will be almost as near the 
ideal as was that of 1937; while the latter’s two successors in 
the saros, in 1955 and 1973, will be a shade better still. The noon 
point itself will be on land only in 1973 (in French West Africa). In 
1955 the noon point will be in the China Sea close to Manila, but in 
1940 and 1947 it will be deep in the South Atlantic, while in 1958 
and 1965 it will be in the far Pacific but in the neighborhood (by 
airplane) of the Tuamotu Archipelago. 


TABLE 2 


DARK ECLIPSES 


NOON PoINt 





Dati | DuRATION | 
ee Zenith 
| Latitude | Longitude | Declination 2 
| | | Distance 
: | =. 4 2 
1940 Oct. I 577 IQ ) W. 26° | one a 16° 
1947 May 20 5.2 2 | We-w +20 22 
: B . i , 
1955 June 20 7.2 +15 | E.117 +23 8 
1958 Uct. 12 5.2 | 20 «| ~W.139 | re 19 
1965 May 30 a 4 W. 137 +22 26 
1973 June 30 7.9 +19 E. 6 +23 4 








It is evident that study of the corona’s structure from sea and air 
offers decided possibilities during the next 25 years. Even if appara- 
tus under development’® designed to accentuate contrast and reveal 
the corona without an eclipse should succeed, astronomers still will 
observe the corona at eclipses in order to push our knowledge of the 
sun’s surroundings to contrasts still more delicate. 

PRINCETON UNIVERSITY OBSERVATORY 
June 17, 1939 
S. A. Mitchell, Eclipses of the Sun, 3d ed., p. 55, 1932. 
‘Von Oppolzer, Canon der Finsternisse, 1887 


\. M. Skellett, Proc. Nat. Acad. Sci., 20, 461, 1934. (Television technique is used 


as a supplement to the coronagraph.) 








THE MATHEMATICAL CHARACTERISTICS 
OF SUNSPOT VARIATIONS. II 


JOHN Q. STEWART AND FORREST C. EGGLESTON 


ABSTRACT 


The study is continued of the mathematical form R = F@4e-# as representing the 
course of sunspot numbers during a given outburst or cycle. The Case 2 solutions de- 
scribed in the first paper are found, after detailed computation, to represent the ob- 
served annual numbers with an average residual, regardless of sign, of 7.2 Wolf num 
bers. Probably most of this difference is due to the inherent randomness which is super 
posed on the underlying smooth trend of spot numbers, but it also includes small 
systematic errors, perhaps due to a somewhat imprecise method of determining the 
time of the start of an outburst. The total discrepancy, O—C, regardless of sign, aver 
ages 16 per cent of the average value of an annual sunspot number and this tends to be 
independent of the amplitude of a cycle. 

The systematic difference between observed and computed times of maxima, which 
in the first paper was considered to show that the mathematical form F6¢e—-6? was only 
approximately applicable, can be attributed, on the other hand, it is suggested, to varia- 
tions introduced by the Zurich method of smoothing the monthly numbers—upon which 
the ‘‘observed”’ times of maxima depend. The conclusion of the present paper is that 
the suggested mathematical form is not likely to be improved upon. Additional 
auxiliary tables for this function are given which are specially applicable to the problem 
of fitting the monthly numbers of an incompleted cycle. The problem of predicting the 
remainder of the present cycle, No. 17, is touched upon. 


In the first paper' methods were developed for fitting the form 
R = Fir — sive b(r—a) (1) 


to the annual sunspot numbers of a given “‘outburst,”’ of average 
duration about eleven years. Here KR is the Wolf number for the 
varying year r. During a single cycle, F, a, 6, and s are constant: s 
is the time of the start of the outburst; F is a scale factor; r runs 
from s to plus infinity. For r < s, R is zero. 
XIV. DETAILED RESIDUALS OF CASE 2 SOLUTIONS 
Table 7 of Paper I presented sample residuals, O — C, between 
observed and computed annual sunspot numbers. The complete set 
of such residuals for all the Case 2 solutions of Table 5 is presented 
here in Table 12,’ which is in exactly the form of Table 1. 
t John Q. Stewart and H. A. A. Panofsky, Ap. J., 88, 385-407, 1938. That paper 


contained three slight misprints. In the equation at the top of p. 389, preceding (7), the 
sign of M,(s — t)? should be negative. In (7 M,/M, ought tobe M,/M,. At the foot of 
p. 404 write (a Va+1, a). 

2 The sections, tables, and equations of this paper are numbered consecutively with 


those of the first one (‘‘Paper I’). 
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The residuals have a slight systematic character, but not that 

which was anticipated from Tables 8 and g (see Sec. XV below). 

Instead, they show that form (1) provides, in general, a better fit 

than was concluded in Paper I. 
We have spent a good deal of labor in analyzing the residuals of 


Table 12. In every cycle they show that the Case 2 computed curve 
tends to run a little high during the first several years, then low, and 
finally high again. Attempts to modify form (1) by an empirical 
additive correction did not lead to a significant reduction in these | 
residuals. 

TABLE 13* 


RELATION OF RESIDUALS TO SUMS OF SPOT NUMBERS 


Cycle | Sum Cycle S 
Number - Oo—C Number ss O . 
I 460 105 9 O94 149 
2 537 09 I 547 9 
3 O15 107.3 LI O02 59.8 
4 543 140.0 I S - 
5 277 38.3 13 $03 ) 
0 30 35 14 373 ) 
7 302 72.5 15 144 9 
8 O53 50.0 10 11 18 
VM, is the su f the ar ¢ ¢ een I I 


A suitable modification of equation (1o) might result in a marked 
improvement. That problem will best be attacked through a study 
of the monthly, instead of the annual, observed numbers. It is not 
discussed in the present paper. 

In Table 13 the sum, regardless of sign, of the observed minus the 
computed spot numbers of Table 12 is compared with the sum of the 
observed spot numbers—that is, nearly enough, with the respective 
values of M, from Table 3. The sum of all the residuals, O — C, for 
the 178 years 1755-1932, inclusive, represented in the sixteen com 
pleted cycles is 1289.7. Hence, the average residual, regardless of 
sign, for a computed annual spot number is 7.2 Wolf numbers.* 

Arranging the sixteen cycles in the order of increasing M,, and 

3 Our statement in a recent note (Phys. Rev., 55, 1102, 1939) that it was *‘7°,”’ is 


open to misinterpretation. 
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dividing them arbitrarily into three about equal groups, we are led 
to Table 14. The sum of all the M,’s for each group is the sum of 
the observed annual spot numbers (subject to an insignificant cor- 
rection due to the way M, was computed‘). The column in Table 14 
headed “Ratio” gives the ratios to these sums of the respective sums 
of the residuals. 

I:vidently the Case 2 solutions have an average discrepancy, re- 
gardless of sign, of about 16 per cent. This percentage discrepancy 
is independent of the height of maximum of the outburst. 


TABLE 14 


PERCENTAGE RESIDUALS 


| 
| | 

| : : } ; 
| Sum of the Sum of the Ratio 


Cire ) Cycles : | 

‘ I : M.'s QO is | Percentage) 
I 6.5. 34; 12,9 1660 279.6 17 
I] 16, £5.33, 3,2, te 2868 431.5 15 
Il 3, 11, 5,9, 4 3425 575 6 17 


XV. CRITICISM OF THE ZURICH TIMES OF MAXIMA 


In the first paper,’ on the other hand, the conclusion was indi- 
cated that form (1) fits cycles of intermediate height the most close- 
ly. That conclusion was not based upon the complete solutions pre- 
sented in Table 12, which had not been computed, but upon the 
discrepancies between computed and observed times of maxima, as 
presented in Table 8 for Case 2 solutions. 

The percentage residuals of Table 14 include the systematic 
discrepancies touched upon in the preceding section and evident in 
Table 12, but principally they must be attributed to the random- 
ness of the spot-producing process. This randomness was empha- 
sized in the first paper. Pending further study, it may be estimated 
as amounting to at least 10 per cent; it does not exceed 16 per cent. 
That is to say, given the best possible fit of equation (1) to a given 
outburst, altogether free from systematic error, the observed an- 
nual spot numbers may be expected to show an average discrepancy, 
regardless of sign, from the computed ones of at least 10 per cent 
of the observed number. 


‘Paper I, p. 391. > Ibid., p. 402. 
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TABLE 15 
AUXILIARY TABLE: EQUATIONS (9) AND (35) 





| 
| 

















a | o(a) ag(a) (a+1)¢(a) | agp(a)/a 
1.0 | 0.3679 | 0.3679 0.7358 I. 304 
1.2 3403 0.4084 0.7457 1.459 
1.4 3179 0.4451 0.7630 1.514 
1.0 . 2990 O.47904 0.7790 r.5§72 
1.8 2841 ©.5114 0.7955 1.629 
Peo 2707 | 0.5414 0.8121 1.681 
2 2591 0.5700 o.8201 L727 
2 | 2455 0.5971 0.8450 ee iy te 
2.0 | 2307 0.0232 0.5029 1.517 
2.8 2315 | ©.0482 0.8797 | 1.8623 
3.0 2240 ©.0720 0.8960 I.go4 
3.2 2174 0.6957 0.9131 | 1.949 
3.4 2112 0.7181 | 0.9293 | 1.989 
3.6 2055 ©.73098 0.9453 | 2027 
2.8). 2003 0.7011 | 0.9614 2.068 
4.0 | 1954 fo) 7510 0.9770 2.101 
4.2 | IQIO 0.8022 © .9932 | 2.139 
4.4 1867 0.8215 1.0082 | 2.179 
4.0 | 1525 ©.5409 I .0237 | 2. 2353 
4.8 1780 0.55387 1.0370 2.248 
5.0 | 755 | 0.8775 1.0530 | 2.285 
5.2 1722 0.3954 1.006760 | 320 
Sad | 1691 0.9131 1.0822 2.353 
5.6 1662 | 9.9307 1.0969 | 2.306 
5.5 1632 } © .94606 I. 1098 415 
6.0 | 1608 ©.9648 1.1250 | 149 
Py 1581 0.9802 1.1383 | 2.48 
6.4 | 1557 0.9065 1.1522 2.510 
6.6. 1533 I.o11s 1.1651 2.542 
6.8. 1511 I .0275 1.1786 2.575 
70 | 1490 I .0430 1.1920 | 2.608 
: fee 1460 1.0577 1.2046 | >. O31 
7.4 1450 I .0730 1.2150 2.050 
720 1431 1.0876 I. 2307 2.685 
7.8 1414 I. 1029 I. 2443 2.761 
5.0 | 1390 1.1168 1.2504 2.744 
8.2 1379 I.1308 I. 2687 2.7792 
o.4 13604 1.1458 I. 2822 2.795 
8.6 1347 1.1584 I. 2931 2.818 
8.8 1333 I.1730 I. 3003 2.547 
g.o 1310 | 1.1544 I.3100 2.505 
9.5 1283 | 1.2189 1.3472 2.037 
10.0 1251 | 1.2510 1.3761 3.000 
10.5 1222 1.2831 1.4053 3.062 
II.0 1194 I. 3134 1.4328 | 3.120 
4 ee } 1108 I. 3432 } 1.460 A oy 
12.0. 1145 1.3740 1.4885 3.241 
[2.5 1121 ero aa 1.5134 3. 289 
13.0 | 1098 1.4274 | 1.5372 3.343 
13.5. 1078 1.4553 1.5631 3.302 
14.0. 1059 1.4826 | rT. 5885 3.445 
14.5 1043 1.5124 1.60107 3.5090 
15.0. 0.1025 1.5375 | 1.6400 3-559 
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This point of view, taken in connection with the systematic dif- 
ferences of Table 8 between the times of maximum, v’, computed in 
Case 2 solutions, and the Zurich “‘observed”’ values, v, suggests that 
not the former but the latter ought to be adjusted. 

The Zurich values are obtained from the smoothed monthly spot 
numbers. The method of smoothing has been to take a moving 
chain average. The month for which the smoothed number is re- 
quired has weight 2 assigned to its observed spot number, as do the 
five immediately preceding and succeeding months. The sixth 
month before and after is assigned weight 1. This system has the 
advantage of leading in every case to a unique, or nearly enough 
unique, maximum in the smoothed monthly numbers of a given 
cycle. It does not have, presumably, any deep-seated justification. 

To smooth a ragged curve is a statistically indeterminate problem 
unless an equation for the underlying trend is available. The Case 2 
solutions themselves offer a method of smoothing, and for the pres- 
ent it seems that the question of whether it is not the superior meth- 
od can be considered an open one. 

In the first paper it was concluded that equation (1) could not be 
the finally satisfactory representation of the underlying trend of sun- 
spot variation because with it the computed centroid, w’, can never 
precede the computed time of maximum, v’. In cycles 1, 5, 7, 12, 
and 16 the observed w was earlier than the “‘observed”’ (i.e., from 
Zurich smoothing) v. The admittedly incomplete discussion of the 
present section tends to remove this objection. A detailed exam- 
ination of the monthly spot numbers will be required to settle the 
matter. We have already started such an examination for several 
cycles,° and the general validity of equation (1) seems not to be 
ruled out. 

XVI. FITTING MONTHLY NUMBERS; FURTHER AUXILIARY TABLES 

Write, as in Pearson’s tables,’ 
fia thin PCP + 1) 

lr (p+ 1) 

6 In considering this question of the smoothing of the monthly numbers the co- 

operation of Mr. Hans A. A. Panofsky during a few weeks spent in Princeton has been 


= I(u, p), 


very useful. 


7 Tables of the Incomplete Gamma Function, ed. Karl Pearson, London, 1922. 
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~ 


where 
a 
r.(p+1)= J x%e*dx , 
and 
x 
“= — , 
vo +! 


Putting 6 for r — s, define “incomplete zero, first, and second mo- 


0 
f Rdé = Bf ore “6d0 , (23) 


ments” as 


mM, = 
a od 

_, = J 6Rdb = F | ertig ee , (24) 
6 

Mm, = [ @Rao = F fore o16 . (25) 


Substituting x = 66, with 6 running from o to na/b, or x from o to 


na, n being an arbitrary number, it is easy to show that 


fF 

m = —VT(at+1)I(m, a), (26) 
bet . 
= ; 

m: = ro, Va + 2) (us, a + 1), (27) 
pate 
 - 

m, = a7, Va + 3)1 (ta, a + 2), (28) 
)a +3 

where 
na na Na 
Uy = - u, = - . W, = ; (29) 
Var 1 Va-+r 2 Vat 3 


Consider now the two ratios 


mM, , 
—_ me 30) 
Om, 


mM, 
H _— 02m, ’ (3 I ) 
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with @ = na/b. Then, remembering that 


(a+ 2) = (a+ 1) (a+1), 


l(a+ 3) = (a+ 2) (a+ 2), 
we have 
._ (a+1) [(m,a+ 1) 
= na I(uo,a) ’ (32) 
_ (a+1)(a+ 2) I(t, a+ 2) 
abe na? I(u,a) (33) 


When 1 is 1, 6 runs from o to a/b, which is the position of the 
maximum of (1). G and H then become functions of @ only and, as 
such, have been computed in Table 16. The third decimal may be 
slightly in error, because of interpolation and smoothing; but the 
values should be accurate enough for practical purposes, as applied 
to spot numbers. 

In connection with these computations, values of 


1 
=1 (ote), 60 
Vat+i 


in addition to those of Table 11, were necessary. These are presented 
in Table 15. 

This table also extends Table 4 and adds values of a¢/a; which 
is another function of a. It is useful in connection with the relation- 
ships between m, (when is 1), v — s (which is a/6),° V (the maxi- 
mum Wolf number), and M, (which then is m,/a). From Paper I 


iY = Mike (8) 
Therefore, 


a ener . (35) 


In working with monthly numbers it is perhaps well to keep the 
year as unit of time and divide by 12 the values of m, obtained from 
summing monthly numbers. Values of the ratios G and H are inde- 
pendent of the unit of time. 


*Paper I, eq. (3). 
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TABLE 16 


AUXILIARY TABLE: EQUATIONS (30) AND (31) 











| | | rs 4 
| . 
P | « | 2 } a | P eo F ~ ‘ 
| } 
| = wait . 
1.0 | |} 0.2604 cag j 0.750 | ©.599 
1.2 | 280 5.8 0.392 
E~J 0.628 | 0.440 | 5.0. 750 603 a 
| >? 
Ed | 204 0.0 394 
; ( | ( oe | soe | 000 
1.5 40 |} $00 | — 
1.6 | | 305 6.2 395 
s—9 > on | 
1.7 | O51 473 | ae | 705 609 
1.8 314 || 0.4 ; | 397 
1.9 660 | 484 | 6.5 768 | 613 | 
| | : 
2.0 | 322 |} 6.6 | 398 
{| z se 2 
2.1 | 0038 | 494 | 6 7 mis ie O17 | 
2.2 | 330 «| 6.8 399 
| ~ | | | — | , | 
2.2 070 | 503 | o. 0. 774 | 021 ; 
2.4 | 33 | 7 400 
ae 7 
2.5 683 | S12 | ‘ | 7.1 776 625 | 
0 } | | 242 | 2 | AO2 
230. 343 | oe eet a + 
2.7. 090 521 | 7-3 77 129 
2.8 348 |] 7-4 404 
2.9 090 | .529 | : 75 779 032 
} - | ne 
3.0 | | | 353 ‘2 4905 
3.1 702 536 | | 7-7 780 635 | 
3.3 | s7 f 73 | 406 
— a esr | | “Ro ) } 
3-3 797 542 | 7-9 752 036 
3-4 | 301 | &.0 107 
Ce | 711 545 | {| o.1 753 040 
3.6 | 305 8.2 | 408 
oe | 1] OS i mQe- 
3-7 } 715 | 553 | | 5.3 | 795 O41 
3 8. | 305 | Pel 4 | 410 
| ) my Sm i. 
3.9 719 SSS | 0.5 707 042 
| | 5.0 II 
4.0 372 || 4 
4 724 5063 1] 8.7 7390 644 | 
4.2 g75° A 5.5 412 
a2 728 | s08 8.90 go 640 | 
| 
+.4 377 9 791 046 | 413 
| | ~ | ~ 
4-5 732 573 9.5 7905 654 | AIS 
| 
4.6 80 10.0 795 OOF | $17 
4.7 737 579 | 10.5 502 6660 | 419 
4.5 282 II.o S06 671 421 
4.9 742 553 bE=5 50g | 075 | $23 
5.0 S4 12.0 O12 650 424 
va 740 507 12.5 S10 O55 | 426 
<2 | | 286 | 12.0 S10 650 | 427 
528 750 591 |] 13-5 822 693 | $29 
= 4 | | 388 14.0 825 69 430 
ee | 0.982 | °O.S05 : 425 827 701 | $31 
5 / 5 | | 
5.6 | 0.390 15.0 0.829 0.705 ©.432 
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Using these new tables, we worked out a tentative fit for the 
present incomplete cycle 17 and published, by that means, a predic- 
tion of its remaining course.? Pending further detailed studies, which 
we hope to make, of the monthly numbers in general, this fit is only 
tentative, because trial and error entered into it to some extent. 
It was not a Case 2 solution—obviously that case does not apply to 
an incompleted cycle. Nor was equation (10) of Paper I relied upon 
to give the value of s. 

The method was to assume values of s and v and then to take the 
sum of the observed monthly numbers between these values—that 
is, to find m,, with m assumed equal to 1. Similarly, to sum m, and 
m,. These observed values had to be corrected for the overlap of 
the preceding cycle, 16; but in percentage this correction was sig- 
nificant only for m,. An assumed value for V, together with those 
taken for m, and v — s, then gave a by equation (35), through 
ap/a in Table 15. Then G and H from Table 16 through equations 
(30) and (31), with @ equal to the trial v — s, gave values of m, and 
m,. In the correct solution these ought to compare closely with the 
corrected values obtained from the observed monthly numbers. 

Ideally, this results in overdetermination, as comparison of the 
computed and observed values of either m, or m, suffice theoretically 
to fix the curve. In practice the determination is not sharp; and it is 
useful to compute, by equation (19) of Paper I, the whole course of 
the theoretical curve for comparison with the run of observed sun- 
spot numbers. Values of F were obtained from equation (18), taking 
bas a/(v — s) and M, as m,/a. 

Waldmeier’ had published a condensed prediction in 1936, pre- 
sumably employing his graphical method. 

We hope to continue these studies, paying particular attention 
to the monthly numbers. The principal conclusion to date is that 
equation (1)—-especially in view of its elegant available tabulations 
through the gamma and incomplete gamma functions—is a re- 
markably satisfactory and useful mathematical form for dealing 


’ Phys. Rev., 55, 1102, 1939 


1.N., 259, 267, 1936. 
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with sunspot cycles.'' The objection to it which was emphasized in 
Paper I has—at least pending further investigation——lost its force, 
as expiained in Section XV above. 

Detailed examination of the dying-out of the low-latitude spots at 
the end of a cycle would be interesting. The term e~” should be 
predominant there. Published “butterfly diagrams” are of little help 
in this connection, because it is not long, apparently, after the start 
of a new outburst before some of the new spots begin to appear 
rather near the solar equator—overlapping the spots of the fading 
outburst in latitude as well as in time. Where data are available, in 
recent years, the first appearance of high latitude spots, as well as 
the reversal of polarity, should fix the value of s, the time of start 
of a new cycle. The exact determination of this quantity would be 
the most desirable improvement in the present study. 


PRINCETON UNIVERSITY OBSERVATORY 
July 19390 


‘ Note added in proof.—W. Gleissberg (Zs. f. Ap., 18, 199, 1939) recently applied a 
different form. It likewise involves four parameters and is frankly empirical. The repre 
sentation is broken in two, before and after maximum. The four parameters are the 
height and time of maximum and the times, during ascent and descent, respectively, 
when half-maximum is passed. For completed cycles these quantities are readily de- 
termined, but the method is useless for predicting the remaining course of a half-com- 
pleted cycle. The end of the descent is arbitrarily cut off. This form gives excellent 
representations, and the fit for a completed cycle is easily made. But the comparison 
of the values of O — C with ours in Table 12 above is weakened by Gleissberg’s replace- 
ment of the Zurich observed annual numbers with numbers smoothed according to an 
arbitrary three-year formula. And the early cycles, 1-6, are rejected. 

With respect to our prediction of the remaining course of the present cycle, the 
average of the observed monthly numbers January—September, 1939, was 97.6, as 
compared with 93.5 predicted. We had selected 1937.9 as the earliest advisable date for 
maximum, giving especial weight to the still earlier Ziirich determination of 1937.4. It 
is possible that a later value of maximum will be indicated by the decrement of spot 
numbers from now on. 

Finally it ought to be noted that Mr. Eggleston is a member of the class of 1942 


in Princeton University. 











THE MOTION OF ERUPTIVE PROMINENCES 
R. G. GIOVANELLI 


ABSTRACT 

A theory is suggested for the motion of such eruptive prominences as are associated 
with solar eruptions, according to which the constant velocities are maintained by 
radiation pressure of La and changes in velocity may originate in magnetic fields. The 
La line emitted by a single flocculus is shown to be strongly reversed. The total effect 
produced by several flocculi with different La widths is equivalent to that of an La con- 
tour with several maxima and minima. Provided the intensities are of the right order, 
to each hump in the contour there corresponds one stable velocity. 

If the prominence is electrically charged, on moving into a horizontal magnetic field 
it experiences a force which accelerates it along a horizontal direction, but the radiation 
exerts sufficient pressure to maintain an essentially constant vertical velocity. On mov- 
ing into a field of the opposite direction, the prominence is deflected toward the vertical 
with an increased velocity and may again be subjected to a further radiation pressure, 
thus giving rise to an increase in velocity. 

The laws of motion of eruptive prominences have been studied by 
many investigators in the past few years, but no explanation has 
thus far received general acceptance. The laws as given by Pettit’ 
are as follows: 

1. The speed is uniform, except that at intervals it increases sud- 
denly. 

2. The speed following such a change is usually a small integral 
multiple of the value preceding the change. 

The second law has been challenged on several occasions; and, at 
the present, its validity seems doubtful. The first law, on the other 
hand, is accepted generally; thus, any theory of prominence motion 
must provide not only for a constant velocity but also for sudden 
increases in this velocity. 

Besides this law, several generalizations have been made about the 
motion of eruptive prominences. Among these are: (a) The mo- 
tions are often at considerable angles to the radius of the sun.” (0d) 
At the same time as a change in velocity there is a change in the 
direction of the motion.’ (c) The changes in velocity are not always 
the same for all parts of a prominence or exactly in the same direc- 

1p. J., 84, 319, 1936. 2 McMath and Pettit, Ap. J., 88, 254, 1938. 

’ Waldmeier, Zs. f. Ap., 15, 299, 1938. 
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tion.” (d) One part of a prominence may change its velocity while 
another part continues unchanged.’ 

It has recently been found‘ that approximately 20 per cent of the 
eruptions eject eruptive prominences, and also that, while the chance 
of an eruption ejecting a prominence is independent of its area and 
intensity, the velocity of such a prominence bears a relation to the 
intensity, and hence the width, of Ha. Since the width of Ha is most 
probably related to the width of La, this might well be taken to indi- 
cate that these prominences are expelled by the light-pressure of La. 
On such a hypothesis the width of La in an eruption, expressed in 
velocity units, has been found to be approximately six times that 
of Ha. Since Ha has a minimum half-width of about 1 A, La will 
also have a minimum half-width of about 1 A. 

Below is advanced a theory for the motion of eruptive promi- 
nences in which it is suggested that the constant velocities of the 
prominence are due to light-pressure, while the sudden changes may 
be originated by variations in the magnetic field. Although not yet 
directly applicable to all eruptive prominences, all the known facts 
receive an explanation when the prominence is of the type expelled 
from eruptions. 

It is necessary first to determine the shape of the La contour dur- 
ing an eruption. The emission from an isothermal column of the 
chromosphere is given’ by 

I, = (1 — e~%%o)P, , 


where a, is the atomic absorption coefficient for radiation of frequency 
v, NV, is the number of atoms in the column, and P, is the Planckian 
function, to be evaluated at the effective temperature of the erup- 
tion. 

The emission line given by the foregoing formula will thus be flat 
topped and will be of intensity P, over a half-width Av, where 
a,.V, > 1, approximately. 

Now, a, has been given by Weisskopf,° and for La this reduces to 


27re4y? 
m’ci(Av)? gp 
‘Giovanelli, Ap. J., in press 

Menzel, Lick Obs. Pub., XVII, 241, 1931. © Observatory, 56, 291, 1933 
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where € is the electronic charge; m is the mass of the electron; c is 
the velocity of light; f,,, the oscillator strength, equals 0.416; and 
g./g. is the ratio of statistical weights of states 1 and 2. Putting 
g./Z2 = 0.25, then a, = (1-32 X 105)/(Ap)?. 

N, may be estimated as follows: The density of 2-quantum hydro- 
gen atoms at a height x above the base of the chromosphere is given 
by n = ne~**, where m) = 1*3 X 104 atoms per cubic centimeter 
and a = 10° per centimeter, approximately.’ The depth of the 
average eruption may be taken as 10? cm. Under normal conditions 
there are approximately m/a 2-quantum atoms in a column of this 
depth above a region of density ”, corresponding to (n/a)e/** 
1-quantum atoms, where 7 may be assumed to be 6000°. Assuming 
the total number of atoms to remain unchanged during an eruption, 
there will thus be 4-67 X 10” 1-quantum atoms in such a column 
if the base of the eruption is placed at the base of the chromosphere. 
We may thus evaluate Av and obtain the result 


Av = 7.85 X 10” 


Thus, the half-width of La will be about 3.8 A, of the same order 
as the values estimated from prominence velocities. 

The maximum intensity of the foregoing line will be P,; i.e., it 
will equal black-body intensity at a temperature 7. Unsdld* has 
shown that the ratio u of light force to gravitation is 

2m7ehf 


= 2 eme/T 


~ rmcM g 
where r is the ratio of black-body intensity to line intensity; M is 
the mass of the atom supported; g is the solar gravitation; f, the 
oscillator strength, equals 0.416; and Xd is the wave length of the 
line. 

Putting u» = 1 and r = 1, the temperature is found to be 7600°. 
However, Unsdéld’s formula applies only to emission from an infinite 
plane. The solid angle subtended at a prominence by a flocculus 
will be considerably less than 27, and so a greater temperature than 


Cillié and Menzel, Harvard Circ., No. 410, 1935. 


8 Physik der Sternatmos pharen, p. 423, Berlin, 1938. 
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7600° will be required to support the prominence. This may be com- 
pared with eclipse observations of the normal excitation tempera- 
tures of the Balmer lines in the chromosphere,’ which indicate that 
these lie within the limits of 9,100°-16,g00°. Although effective 
temperatures between the 2- and higher-quantum states cannot be 
applied to the 1- and 2-quantum states, yet this indicates that exci- 
tation temperatures of such an order are not unreasonable. Thus, it 
would seem that light-pressure may be expected to be of sufficient 
intensity to support the prominence against gravitation. 

The foregoing theory of the emission lines has assumed a constant 
temperature throughout. It is not probable, however, that the tem- 
perature should remain constant to the outermost layers of the erup- 
tion. Suppose, for illustration, that the effective temperature drops 
from gooo at the base of the eruption to 6000" at the top, then the in- 
tensity at the center of the line, which comes mainly from the outer- 
most parts of the eruption, will correspond to an effective tempera- 
ture of 6000°, while the efiective temperature of the outer parts of 
the line will remain essentially unchanged; i.e., the intensity of the 
emission at the center of the line will be 1/700 of that at the edge. 
It is seen that the width of an La line depends solely on the total 
number of atoms in a column of unit cross-section down to the base 
of the eruption. The lower the base of the eruption, the wider will be 
the line. The intensity in the wings of the line corresponds to black 
body radiation at the effective temperature of the base of the erup- 
tion, while at the center of the line the intensity corresponds to 
black-body radiation at the temperature of the uppermost layers 
of the eruption. 

Suppose that two eruptive flocculi, or even different parts of the 
same flocculus, differ considerably as to the temperature distribution 
and depth of atoms involved. Then the contours of the lines emitted 
from the surfaces of the two flocculi may be given by curves / and // 
of Figure 1. Since there will probably be non-eruptive bright 
flocculi in the neighborhood, these may also give rise to an emission 
line J77, which will not be so strongly reversed, since such large 
differences of temperature will not be possible. 

The intensity of the radiation falling on the prominence is pro- 
portional to the intensity emitted by the flocculus and to the solid 
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angle subtended by the flocculus at the prominence. We suppose 
that contours J, /7, and //7, shown in Figure 1, have been multiplied 
by the solid angles which they, respectively, subtend at the promi- 
nence. The total intensity of radiation falling on the prominence, 
given by the broken curve in Figure 1, is obtained by adding the 
contributions from each flocculus. The resultant contour exhibits 
an irregular top, with several maxima and minima. Such a line as 
this can be used to explain how different constant velocities may 
be maintained in an eruptive prominence. 

Let the La intensity necessary to support the prominence against 
gravity be represented by the line XY (Fig. 1). Then only those 
velocities corresponding to the positions where XY cuts the contour 


lic. 1.—La contours. The continuous curves J, 77, and I/T represent the La con- 
tours coming from flocculi of different depths and excitation temperatures. The broken 
curve represents the effective contour, as regards pressure of radiation on a prominence. 


The line X ¥ represents the intensity required to balance gravitation. 


can be maintained. Of these, only the positions A, C, and D will be 
stable for upward velocities. Thus, if a prominence, by some means, 
acquires a velocity corresponding to £&, it will be accelerated to a 
velocity C. A velocity F would decrease to A. A velocity B, al- 
though constant, would be unstable, and a slight variation would 
give rise to either an acceleration ora retardation. Moreover, it can 
be seen that different parts of a prominence may possess different 
velocities corresponding to various parts of the contour. It is inter- 
esting to note that, if the slopes of the humps in the contour are 
steep, then the decrease in intensity of radiation with distance will 
not be of great influence on the velocity. 

Any downward motion will also be of constant velocity. Positions 
such as G and J would be unstable, while velocities such as H would 
be stable, and constant velocities downward could be maintained. 
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It now remains to show how a velocity A can suddenly increase 
sufficiently to move it past B. There are several ways in which this 
may be done. 

An increase in intensity might take place in one of the contours 
which contribute to the resultant contour: if this were to raise the 
minimum at F above the line XY, then the prominence would 
rapidly acquire the velocity C. 

An increase in velocity can also be produced by a change in direc- 
tion of magnetic fields. McCrea? has considered the resistance of one 
gas moving through another and has concluded that no large separa- 
tion can take place in a prominence. Thus, neutral and ionized 
atoms will move together. Consider a prominence, mass M, charge 
E, originally moving vertically with velocity V in a horizontal field 
of strength H. The prominence experiences a force at right angles to 
its direction of motion, of strength HEV. This produces a continual 
ly increasing horizontal velocity and, as the direction of motion be- 
comes inclined to the radius, a decrease in the vertical velocity. 
However, if the sides of the La contour are steep, so that a small 
decrease in velocity produces a large increase in radiation pressure, 
then this decrease is negligible, and the vertical velocity remains 
essentially constant. Under these circumstances the horizontal 


velocity at a time ¢ becomes 


* EV 
J ia = H dt ° 


) 4 


If the field becomes small, or the lines of force become parallel to 
the direction of motion, then the horizontal velocity becomes con 
stant, while the vertical velocity always retains its original value, V. 
If the prominence now moves into a region where the magnetic field 
is reversed in direction, its direction of motion will be deflected 
toward the vertical; and if this takes place sufficiently rapidly, the 
vertical velocity will be approximately the same as the total velocity 
before the change. If from a velocity A this changes to one greater 
than B (Fig. 1), it will be increased automatically by radiation pres- 


sure, and a new velocity, C, will be produced. 


9 M.N.., 95, 509, 1935. 
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It must be realized that in the neighborhood of spot groups the 
magnetic fields will probably be complex, and such variations as 
those described above will be possible. Even neglecting these, the 
complex magnetic fields set up by the movements of charges on other 
parts of the prominence will probably be sufficient to cause these 
variations. 

To determine the magnitude of the magnetic field required to pro- 
duce such a change, suppose that the change in direction is produced 
in about 60 seconds, compatible with Pettit’s observations. The 
average downward acceleration, gravity minus light-pressure, will 
probably not exceed 3g, and in this time a decrease in velocity of less 
than 8 km/sec will take place. This may be neglected in compari- 
son with the velocities normally found in prominences. 

The force HEV at right angles to the direction of motion, pro- 
duced by the magnetic field, would cause the prominence to move 
in the arc of a circle of radius r where 


MV 
f= ——, 
HE 
If we take the change of direction necessary as one radian, then the 
time required to produce this change, i.e., 60 seconds, is 
r M 
VY ze 
Thus, 
M 
H = = = 
E+ 60 
Assuming the net charge on the prominence to be one ion per thou- 
sand atoms, then // = 1.6 X 1073 gauss. Such small fields as this 
cannot be regarded as unlikely, whether the origin be sunspots or 
moving charges. It thus appears that the foregoing combination of 
light-pressure and magnetic field variations may be used to explain 
the motion of eruptive prominences ejected by eruptions. The gen- 
eralizations outlined earlier can be satisfied; and, indeed, a sugges- 
tion may be put forward about the second of Pettit’s laws, from 
which it would seem that, on the whole, as the velocity increases, 
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the increase in velocity is correspondingly greater. But this is what 
might be expected from a contour such as has been drawn in 
Figure 1. If, say, the reversal covers half the width of the line, then 
the maximum in J/ must lie less than halfway out toward the end 
of the maximum in /; and thus successive increases in velocity will 
be correspondingly greater. 

When an attempt is made to apply the foregoing theory to erup- 
tive prominences not associated with eruptions, the difficulty arises 
that we are not justified in assuming a high excitation temperature 
for La under such prominences. That, at times, eruptions have been 
observed when and after violent movements have taken place in 
dark flocculi on the disk'® suggests that perhaps here, too, some 
mechanism similar to that described above may be operating. 


It is a pleasure to acknowledge my indebtedness to Dr. C. W. 
Allen for the interesting discussions which we have had and for the 
many suggestions he has made during the preparation of this paper. 

COMMONWEALTH SOLAR OBSERVATORY 


CANBERRA, AUSTRALIA 
July 1939 


10 Newton, M.V., 95, 650, 1935 

























CH BANDS IN COMET SPECTRA 
J. DUFAY 


ABSTRACT 

The intensity distribution in the \ 4300 and A 3900 bands of CH is calculated accord- 
ing to the method of Swings and Nicolet, which has been slightly modified. A compari- 
son with measurements of objective-prism spectra of four recent comets confirms the pres- 
ence of the \ 4300 band. That of the \ 3900 band seems also established, in spite of the 
disturbing proximity of the strong \ 3883 cyanogen band. Many radiations not con- 
sidered in the two CH bands are also found. Finally, the possibility of detecting the 
Raffety band in comets is briefly discussed. 

1. Using old observations of bright comets by Wright, Baldet, 
Bobrovnikoff, and others, M. Nicolet’ showed that the presence of 
the A?A — X?II band of CH, near \ 4300, was very probable. 
Observations of recent comets made at the Lyon Observatory by 
M. Bloch, J. Ellsworth, J. Gauzit, and myself proved this conclu- 
sion beyond any doubt and established definitively the presence of 
hydrogen in comets.’ 

In a more recent paper P. Swings and M. Nicolet’ carefully 
studied the intensity distribution in the bands of cometary spectra 
and applied their theoretical considerations to the violet CV system 
and to the 4300 band of CH. Microphotometer tracings of the spec- 
trograms taken at Lyon reveal much more detail than the old ob- 
servations, and it is interesting to compare the results of the theory 
with new available observational data, for the B?> — XII as well 
as for the A?A — X?IT band. 

2. Calculation of the intensity distribution in the A?A — XII and 
B’?> — XII bands.-In the case of the CH bands the fundamental 
assumption of the theory is that the distribution of the molecules 
on rotational levels corresponds to the nuclear temperature 7, = 


300-7’? (r being the distance from the comet to the sun, in as- 


tZs.f. Ap., 15, 154, 1938; Liége Pub., No. 237. 
? Dufay, C.R., 206, 1550, 1938; Bull. Soc. Francaise Phys., No. 406, p. 93, 1937. 
1p. J., 88, 173, 1938; Liége Pub., No. 244. 
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tronomical units). It is, therefore, possible to calculate the relative 
intensity of each rotational line by the classical formula 


. 
a 4 
4 


RT. ’ (1) 


I = 1 exp 


in which z denotes the so-called “intensity factor,’ & Boltzmann’s 
constant, and £ the rotational energy. 

Apparently Swings and Nicolet used as £ the rotational energy 
in the upper state. It seems, however, that the lifetime of the mole- 
cules in the excited state is not long enough to permit thermal 
equilibrium to be established. I assume, therefore, that equilibri- 
um exists only in the lower state, and formula (1) leads me to calcu- 
late the intensity of the lines in the absorption process, 7 represent- 
ing the intensity factor of the absorption line and £ the rotational 
energy in the lower state. 

The molecule can usually move to a given upper level in different 
ways (KX and P branches, for instance). The intensities /,, J,,.... , 
of the corresponding absorption lines are calculated by formula (1), 
using appropriate values for the intensity factors7,, 7.,..... From 
this level the molecule can jump again to different lower levels. Let 
ie Ee , be the intensity factors of the corresponding emission 


lines. The intensities of these lines may be expressed by 


pati tlt..-.) pa itht...-) 
nn fe a ee 


, 


ct _f# bee... 


If we consider, for instance, the upper level K’ = 0, T; (3), in 
the B’Y state, the molecules arising from the X?II state give rise, 


in the absorption process, to the two transitions 


P1):7T1'(3) ~Ti4), with i, = 4, 
PO,.A1) :T7/(4) > Ti), with i, =. 
We have, therefore, 7, + 7, = 2. 





Assuming T, = 333 K, the values of exp (—E/kT,) for the two 
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initial states T7’($) and 7;’(3) are, respectively, o.g11 and 0.985. 


Then the intensities of the absorption lines are 


P,(1) : I, = $¢ X 0.911 = 1.215, 
PO, ..(1) : 1, = % X 0.985 = 0.657, 


and J, + I, = 1.882. 

From this upper level, the same two transitions P,(1) and “Q,.,(1) 
take place in the re-emission process with the same intensity fac- 
tors, so that the final intensities of the two emission lines become 


hanes Pit) 32, = ¢ X —— = 1.255, 
A = 3890.1,  Qra(t) Ti = § X —— = 0.627. 


The preceding case is the simplest possible illustration of the 
B’> — X?II system. Four transitions must be considered in connec- 
tion with the K’ = 1, 7/(135), level; five in the K’ = 2, 7;(23) level 

namely, P,;(3), PO,.2(3), O.(2), @R,.(2), and R,(1). But, with the 
increasing values of the rotational quantum number, the intensity 
factors of the satellite branches decrease and rapidly vanish, so that 
these branches can be disregarded for K 2 4. Only three transi- 
tions remain for each upper level, the rotational quantum number 
of which exceeds 4, corresponding to the main branches P,, (,, and 
R, (or P,, Q., and R,). 

I have calculated, according to the preceding method, the inten- 
sity of each rotational line up to K = 7 for the two bands A’A 
X?II and B*2 — X?II, assuming that the nuclear temperature cor- 
responds to the distance to the sun r = 0.8 astronomical unit (mean 
distance of the Comet Finsler during the observations). Thus, 7, 
300 X 0.8? = 332°K. The results of these somewhat laborious cal 
culations differ very slightly from the simpler calculation taken, ac 
cording to formula (1), on the less correct assumption that the mole 
cule reaches thermal equilibrium in the upper level. The shape of 
the curve J = f{(K) is slightly more flattened when the long method 
is used, but the difference in intensity distribution is quite inappre- 
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ciable, considering the precision of the observations. This effect re- 
sults from the fact that the moment of inertia of the molecule has 
about the same value in the B?2, A?A, and X’II states (the same fact 
happens in the case of the violet CV band). But the procedure here 
developed seems to be the most reliable when the transition is ac- 
companied by a notable change in the moment of inertia. 

3. Graphical construction.—In order to compare the theoretical 
with the observational distribution, Swings and Nicolet represent 
each rotational line by a rectangle, the height of which is propor- 
tional to the theoretical intensity J of the line. The plates considered 
are slit spectra. Let A be the width, in angstrom units, of the image 
of the slit on the plate; it is convenient to give the width A to the 
representative rectangles. 

But the Lyon spectrograms are taken with a prismatic camera. 
In this case, monochromatic images of the nuclear radiations near 
\ 4300 are starlike points. Each radiation should be rigorously repre- 
sented by a curve, the shape of which reproduces the intensity dis- 
tribution in the photographic image. But graphical constructions 
based upon this consideration are quite impracticable; and, after 
trials, I have decided to represent each radiation by an isosceles tri- 
angle of height J, the base A of which is determined by the resolving- 
power of the spectrograph. This procedure seems to be a reasonable 
compromise and has the advantage of removing the high ‘“‘chimneys”’ 
produced by two rectangles slightly superposed one upon another, 
which, however, do not conform to reality. The width A adopted 
for the bases of the triangles are 4 A in the \ 4300 region and 2 A 
in the \ 3900 region. 

The diagrams thus obtained for the two CH bands are shown in 
Figures 2 and 3. A comparison with the diagram published by 
Swings and Nicolet shows no marked discrepancies, in spite of the 
different treatments. 

4. Observational data.-Two prismatic cameras were used at the 
Lyon Observatory for the observation of cometary spectra. The first 
(A) consists of a 60° prism of dense flint and a camera lens 30 cm in 
focal length, of relative aperture f/7, giving a linear dispersion about 
60 A/mm near \ 4300 and 40 A/mm near \ 3900. The second (B) 
consists of a 60° prism of ordinary flint glass and a camera lens 21 cm 
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in focal length, of relative aperture f/3.5, giving a linear dispersion 
of about 130 A/mm near \ 4300 and go A/mm near X 3900. 
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333° K; (6) radiations measured on Lyon plates; (c) radiations of the nucleus according 
to Baldet. 
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ordinates, intensities on arbitrary scales. (a) Intensity distribution calculated with T = 
333° K; (6) radiations measured on Lyon plates. 

The number of plates of each comet measured are listed in Table 1, 
in which r denotes the mean distance from the comet to the sun dur- 
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ing the observations. Two stellar comparison spectra were placed 
alongside the spectrum of the comet (except in the case of Comet 
Peltier). Several microphotometer tracings of each plate were taken 
under different conditions (different heights and widths of the ana- 
lyzing slit); the abscissas of all the maxima were measured, but only 
the maxima present on tracings of almost all the plates were used. 
In this manner, accidental errors due to the grain of the plates seem 
to be reasonably eliminated. Moreover, all the spectrograms of Com- 
et Finsler and the six best spectrograms of Comet Peltier were direct- 


ly studied with a measuring machine, and the two sets of measures 


TABLE 1 


LIST OF PLATES 





| 
COMET 
| 
| | | 
ry (ALL | Peltier | Whipple Finsler | Encke | Porat 
| ? | 
19364 19376 1937/ 1937h 
| | 
| | 
| I.I r.d s >.7¢ 
| 
{ 0 c | I 
B 3 3 6 | 3 15 
eis! | 
Total. .| | 26 





were found, on the whole, to be in satisfactory agreement. In Tables 
2 and 3 the wave lengths of the radiations which have been directly 
seen with the measuring microscope, as well as on the records, are 
marked with asterisks. The others are from the records alone. 

5. Band A’?A — X’II near  4300.—-Two records of the \ 4300 re- 
gion of the spectra of Comet Peltier and Comet Finsler are shown in 
Fig. 1, a and 6. In Table 2 all the wave lengths measured, from 
\ 4280 to X 4355 are listed separately for each comet and for each 
dispersion (A and B). The weighted mean wave lengths adopted for 
the different radiations are represented in the lower part of Figure 1 
by individual triangles. The heights of these are proportional to the 
mean intensity estimated on an arbitrary scale. This scale, however, 
appears much too smooth, and the intensity estimates are thus of 


low weight. 
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All the predicted maxima belonging to the R and Q branches really 
occur in cometary spectra and are represented by black triangles. 
The radiation \ 4314, corresponding to the Q branches, is the most 
intense in the spectral range considered. Triangles covered with lines 
represent radiations perhaps belonging to the band, but their in- 
tensity is too high. Mulliken‘ has pointed out that in the laboratory, 


TABLE 2 


WAVE LENGTHS IN THE \ 4300 REGION 


| | 
¢& PELTIER | & WHIPPLE} & FINSLER | & ENCKE | ADOPTED 
| 
| | 
hen PE, SS a 
B B > is d 
4283.5 4284.1 | 4283.0 | 4282.0*% | 4282.3 | 4282.9 I 
4286.7* | 4285.0* | 4287.5 | 4285.9* | 4286.9 | 4286.3 a 
4292.8* | 4292.0 | | 4292.6* | 4291.5* | 4290.3 | 4291.8 1.2 
4295.9* | 4296.7 | 4206.1 | 4296.8* 42900.6* | 4207.5 | 4206.4 i 
4299.4* | 4300.0 | 4298.6 | 4300.0* | 4300.3* | 4299.7 4300.0 1.4 
1303.8* | 4302.9* 4302.2 | 4303.5* | 4304.0* | 4302.8? | 4303.9 . 5 
| | 4305 4300.5 
| . * 
4309.7 | 4308.3 
4314.1* | 4313.6" | 4314.6 | 4313.9* | 4312.4* | 4314.0 $313.6 
4316.0 | 
4320.0 | 4319.1* | 4319.9 4318.2? 1 O3t7 9° | .4807.12 4318.4 I 
:a> 4® oan 
4322.4 $322.1 | 
4325.9" | 4324.3. 4325.6 4325.9 ASz5.5" ||: 4325.2 $325.5 E.3 
4329.5 4328.0? | 4330.1 | 4329.9* | 4320.2? | 4329.4 4329.6 1.4 
4333-2. | 4333-3 4333-9 | 4333-5* | 4333-8 | 4333-3 II 
4330. 2* | 4336.5 | 4337.7* | 4336.5* | 4336.5 | 4336.7 I. 
4339.5* 4340.02") 4339.7 | 4339.7? 
aa eel . ~* ae Ke I o —aa 9 ‘ 
4343-5 | 4344.5 4343.9 4344.7 $343.5 1.4 
4346.9* | 4346.1? | 4348.4 
4350.6 4350.4 $350.2 4351.3” 4351.3" | 4350.07 $350.4 I.4 
4354.5" 
also, the intensity of the P branches exceeds the theoretical inten- 
sity. 


The presence of radiations foreign to the band is clearly seen; 
they are represented by open triangles. Several of these radiations 
may belong to the faint band of CH superposed on the \ 4300 band 
and interpreted as the 1 — 1 band of the same system. Particularly 
the line \ 4325, always present in laboratory spectra, seems to con- 
sist of the Q branches of the 1 — 1 band. Whether the \ 4318 line 


‘Phys. Rev., 30, 804, 1927. 
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belongs to the Vegard-Kaplan system of N*(1 — 13) remains ques- 
tionable. 

In the upper part of Figure 1 the radiations found by Baldets 
in the spectra of cometary nuclei are represented by straight lines 
(broken lines correspond to doubtful radiations, according to Bal- 
det). They agree well with the most intense radiations here meas- 
ured. 

6. Band B*> — X°II near d 3900.—It is difficult to observe a rath- 
er faint band near X 3900, especially on objective-prism spectra, be- 

TABLE 3 


WAVE LENGTHS IN THE A 3900 REGION 























| | 
~ PELTIER | £ Warrrz| & FINSLER | & ENCKE ADOPTED 
| 
| 
A B | B | A | B | B r t 
2886.9 3886. 6* 3886.0 3887.1* | 3886.0* | 3885.7 3886.4 1.8 
3888.9 = 3888.7* | 3888 . 6? 12s 
2890.2* | 3800.8 3889.9 | 3890.1 3890. 3* | 3890.7 3890.3 1g 
3804.1 3892.9 3894.2 3893.1 | 3893.9?*| 3803.7 3893.6 29 
3895.2 | 3895.1? | 3896.0 3895-5 E.3 
3897.3* | 3897.5* | 3807.12 | 3897.0 3898 . 3* ..| 3897.6 1.6 
259090 .5 3800 5 ak 
3902.3 3902.7 |33902.0 | 3901.1* | 3902 6* | 3902.1 3902.2 z.3 
3904.4? | 3904.3 | mee Pre fae 
3907.12*| 3906.3* | 3906.2 3907.1? | 3907.0* 3906.9 1.5 
3909.1 3910.7 | 3910 IP 390090.9 | 3011.2? 3910.2 1.6 
3912.3 | 3919.3* | | 3013.5 |---. 
3015. 5?* | 3915.5? | 3015.5? | 3915.8 | 3915.5 zi2 
3917.5* | 3017.4 ey 
2918 .0* 3920.5 | 3019.3 3918.8 | 3919.2 3919.0 | 2.1 
| | | 








cause of the proximity of the strongest band of CN, \ 3883, which 
extends far into the coma. The presence of the B’?2 — X?II band 
has, therefore, never been established. 

Microphotometer records, however, disclose a number of faint 
maxima along the descending branch of the cyanogen band toward 
the red (see, for instance, in Fig. 1, ¢ and d, two records of Comet 
Finsler). Their wave lengths have been measured in the same way as 
in the \ 4300 region, and the results are given in Table 3. The reality 
of most of these maxima is unquestionable; several are directly seen 
with the microscope. 


> Ann. Obs. Meudon, 7, 58, 1926. 
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In the lower part of Figure 3, individual triangles represent the 
adopted mean wave lengths. All the maxima predicted along the 
Q and P branches are present (black triangles), but the maxima 
along the R branches are hidden by the CN band. In addition, we 
find again radiations possibly belonging to the band and radiations 
not belonging to the CH band (white triangles). 

The ideatification of the CH band may be slightly disturbed by 
the possible presence of other bands, namely: (a) the 8 —> 1 band 
of CO*, with the four heads \X 3888.5, 3890.5, 3908.0, and 3909.9;° 
(b) the 10 — 1o tail band of CN, the presence of which will be dis- 
cussed in a future paper in connection with the general structure 
of CN bands; (c) the o — 11 band of the Vegard-Kaplan system of 
N’, near \ 3889. Finally, the radiation \ 3915.5 is perhaps the o > o 
band of the negative system of V?*.' 

The presence of the \ 3900 band of CH seems, however, to be well 
established by the radiations AX 3893.6, 3895.5, 3897.6, and 3902.2. 

Most of the radiations of Table 3 were, until now, unknown in 
cometary spectra. In his first list of nuclear lines Baldet* gives only 
the 3910.9 radiation; A 3890 and X 3906.3 appear in his list of 
‘“‘weak, rare or doubtful radiations.”’ 

7. Possible presence of the Raffety band near \ 4go50.—-The well- 
known group of cometary radiations near \ 4050 has been tentative 
ly identified with the Raffety band. Baldet? showed, however, that 
(a) certain lines of the Raffety band do not occur in comets and (0b) 
certain radiations of the \ 4050 group were absent in the Raffety 
band. Consequently, he concluded that the proposed identification 
was inconsistent. 

Now, according to Grenat,'® who analyzed the band on high-dis- 
persion spectra, the Raffety band belongs to the same system as the 
d 3900 band. It is presumably the band of the B?Y — X?II system. 
We can, therefore, expect for the Raffety band, if present in comets, 
an intensity distribution about similar to that of the \ 3900 band. 

6 Dufay, Bloch, and Ellsworth, C.R., 204, 663, 1937. 

7 Dufay, C.R., 204, 744, 1937 


8 Loc. cit. 


3, 19031. 
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The absence in cometary spectra of certain lines of the band is, thus, 
not contradictory if these lines correspond to high rotational levels, 
and the argument advanced by Baldet against the presence of the 
Raffety band in comets seems no longer quite convincing. In fact, 
the lines of low rotational levels, especially in the Q and P branches, 
agree well with cometary radiations, so that it is not possible to 
confirm the absence of the Raffety band in cometary spectra. 

However, our present investigation emphasizes the second argu- 
ment of Baldet. It is quite certain that many radiations of the \ 4050 
group do not belong to the Raffety band and thus remain unidenti- 
fied. A detailed study of this spectral region will be presented in a 
future paper. 

8. Conclusions.—It appears from the preceding analysis that the 
A’A — X?II band of CH, and very probably the B?2 — X?’II band, 
are present in cometary spectra. Moreover, the theory of Swings 
and Nicolet furnishes a suitable working hypothesis for the intensity 
distribution in these bands. However, in the case of CH the in- 
tensity distribution is rather insensitive to temperature variations. 
Thus, a temperature decrease of about 100° does not considerably 
alter the intensity-curve; the intensity decreases naturally more rap- 
idly with increasing values of the rotational quantum number, but 
its maximum is hardly displaced by one unit along the K-axis. No 
notable difference has been found, therefore, between the maxima 
in the CH bands in Comet Finsler (ry = 0.8 astronomical unit, 
2 333) and in Comet Whipple (7 = 1.8 astronomical units, 7, = 
223). On the contrary, the intensity distribution in the CNV bands 
differs considerably in these two comets.’ This fact results from the 
higher values of the rotational energy, £, in the CH molecules than 
in the CV molecules. The study of the intensity distribution in the 
CN bands should, therefore, give a better test of the theory. 

The mechanism suggested by Wurm” to explain the intensity dis- 
tribution in the bands presumably takes place. His recent objec- 
tion's to the theory of Swings and Nicolet, involving the existence 
of a dilution factor, is more effective in the case of CNV than in the 


't Dufay, C.R., 206, 1948, 1938. 


12Zs. f. Ap., 1§, 115, 1938. 13 Ap. J., 89, 318, 1930. 
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case of CH, because the CN molecules, having a higher energy of 
dissociation, move much farther away from the nucleus. On objec- 
tive-prism spectra the radiations attributed to the \ 4300 band of 
CH are indeed localized close to the nucleus, even closer than the 
nuclear radiations near \ 4050. Thus, in the case of the CH bands 
it seems probable that the dilution factor does not play an impor- 
tant role. 


I am indebted to my collaborators, Miss M. Bloch and Dr. J. 
Gauzit, for valuable assistance in measuring the plates and tracings. 
My thanks are also due to Professor P. Swings for several valuable 
discussions. 

OBSERVATOIRE DE LYON 
April 1939 
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ON THE PHYSICAL SIGNIFICANCE OF THE M —S 


DIFFERENTIATION 
KARL WURM 


ABSTRACT 


The relative prominence of the 7i0 and ZrO bands in spectral classes M and S is ex- 
plained on the basis of different atmospheric conditions. S stars have a lower total at- 
mospheric density than M stars of the same temperature. For a given temperature, 
7, the upper limit of the total density, v, in S-star atmospheres, is given by 


y = p—“— Kro(T), 


r= 2 
where K yio(7) = v7vo/vrio designates the dissociation constant of the 770 molecule, p 
the abundance ratio of hydrogen to oxygen, and yw the abundance ratio of titanium to 
zirconium. The low values of v for S stars indicate that they are s-ipergiants. 

1. The differentiation between stars of class M and class §S is 
based chiefly on the relative intensity of the bands of the two related 
oxides, 770 and ZrO. If TiO is predominant, the stars are classified 
as M, whereas objects showing ZrO more strongly than 770 are gen- 
erally designated as S stars. However, the existence of stars in which 
the strength in both bands is nearly equal makes it impossible to 
draw a sharp distinction between the two classes. S stars differ also 
from M stars by a slightly higher intensity of the enhanced lines of 
Ba and Sr.’ Both types show strong absorption lines of neutral 77, 
whereas the neutral Zr lines are strong in S but very weak, or absent, 
in M.2 Mand S stars doubtless cover the same temperature interval. 
Low-dispersion spectra over the wave-length region from \ 3000 to 
\ gooo show a striking similarity in the intensity distribution of the 
continuous radiation for both types.’ Pettit and Nicholson‘ ob- 
served radiometrically a number of late-type variables, among which 
there are three of type S. They show no characteristic peculiarities, 
compared with the others. The minimum temperatures of two of the 
three S stars are among the lowest observed thus far, namely, 1600”. 

S stars are relatively rare, compared with those of class M. In re- 

P. W. Merrill, Ap. J., 56, 457, 1922; Pop. Astr., 37, 444, 1929. 

? Merrill, Ap. J., 63, 13, 1926. 


>R. Wildt, Ap. J., 84, 303, 1936. ‘Ap. J., 78, 320, 1933. 
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gard to their position in the spectral sequence, they are supposed to 
form—aside from the classes M and R to N—a third division of the 
giant branch. No S dwarfs have been found. Recent investigations 
of the dissociative equilibrium have shown that the branching into 
“oxygen stars” of class M and “carbon stars” of classes R to N is 
caused primarily by an alteration of the abundance ratio of oxygen 
and carbon.® In the case of the M to S differentiation, it is not evi- 
dent whether we have to deal with a similar phenomenon or only 
with a difference in atmospheric conditions. It is the purpose of the 
following considerations to show that the second assumption is the 
more probable one and that the observational facts can be explained 
without requiring a difference in the relative abundance of 77 and Zr. 

2. Because of a higher intensity of the atomic lines of 77 in stellar 
spectra, compared with those of Zr, T7 is supposed to be more abun- 
dant than Zr by a factor of about 10 to 100. A precise value has not 
yet been established. We shall assume an abundance ratio, u = 10, 
for the two elements. It will be shown later that the essential results 
are consistent with either a higher or a lower value of uw. 

Since no other compounds than the oxides of the two elements are 
known to exist in stellar atmospheres, we have good reason to assume 
that the total number of 77 and Zr atoms, v’, bound or free, per 


cubic centimeter, is given by 
VTi = Yri + rio ; Vir = Vary + Vz, (1) 


respectively, where the v’s designate the densities of the particles in 
dicated by the indices. Because of the low ionization in late-type 
stars, we shall disregard completely the ionized particles. It will 
also be permissible for our discussion to consider the densities v and 
v’, as well as the temperature 7, as uniform throughout the whole at- 
mosphere, since we are mainly concerned with the properties of the 
dissociative equilibrium between the molecules and atoms present. 

Y. Cambresier and L. Rosenfeld, M.N., 93, 710, 1933; H. N. Russell, Ap. J., 79, 
317, 1934- 

6 The degree of ionization will be the same for both elements, since they have pra 

tically the same ionization energy. As we are interested only in the relative values v7 


a higher ionization would not influence our considerations. 
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The relative intensity /7i0/Iz,o of the TiO and ZrO bands will be 
considered equal to the ratio of the molecular densities v7i9/vz,0: 


Trio _ Yrio 


= R. ( 


bo 
— 


I zr0 VZr0 


We shall now show that, independent of the presence of other con- 
stituents forming oxides, the ratio, R, for a given temperature de- 
pends only on the partial density, vo, of free oxygen and on the values 
of Ario(T) and Kz,o(T), the equilibrium constants of the two mole- 
cules. 

In equilibrium we have 

aie V2Vo —— , 
: — = Krio(T) ; — = Kz0\T) . (3) 
VTiO YZr0 
As is well known, the equilibrium constants A,,(7) can be represent- 
ed approximately by’ 
7 z* Miy-kT\'? ™ T 
K,,(T) = P Fe. ( ¥ ——— e Dry/kT (1 — ¢ hw/kT) | (4) 
Pry hr? Sr 
where k, JT, and / have the usual meaning. The p’s designate the 
statistical weights of the ground electronic states; D,, is equal to the 
dissociation energy; w gives the frequency of the lowest vibrational 


state; M,, is the harmonic mass, 


mM,* mM 
My = — 
m, + Mm, 
and r is the nuclear separation. 
From (3) we can easily derive 
, Vo Vo ) 
PTO: =F hi ; P20 = V2r > . 5 
Krio + Vo Kz + VO 
Forming the ratio vzjo/vzo, we find 
vaca Kz0+ VO 
R( 1 x Vo) : (6) 


— M - . 
K rio oe Vo 


vy stands for any diatomic molecule. 
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Values of Krig and Kz,o are listed in Table 1. For Dryjg and Dz,o 
the values 5.5 and 6.5 volts have been chosen.* 


TABLE 1 





7 } K Tio | Kzro 1] T K rio | Kzro 
| | 
1400 I.2°105 3.4°10' || 2800 | 6.9° 10*4 | 9. 7°10" 
| | , 
1500 r.<3°10" | 5. 2°10" {| g000 |} 2.g°105 | 6.4:10% 
1600 2.5°107 | 1.8:104 || 3200 | auocto® | 29-36" 
1800 2.2°5o? | (355-30? |} S400 | 3.g°r0% | r.3-10% 
| 8 “3 | ee 6 | 1 
2000 7&5 | 2.2°%5 3500 |} §.5°3o" | 2.2°36% 
2 | 1} 1¢ | I 
2200 [..3°no" | 7-2 10? || 3000 o.9°10" | 3.0°10! 
2400 1.6°10% | 1.3°I10" || 3500 | 2.5°10% | 1.2°%o 
| 3 | | I | ‘ 
2500 | 4.29569 |} -g.2°20" 4000 inh Sete | 2.4°%0 
2600 1.2°;10% | 1.5-°10! | 
| | | 


Equation (6) shows that at constant temperature R decreases 
with decreasing vo until vo becomes small in comparison with Kz,. 
For all values of v « Kz,o, R remains constant and equal to 

uK zro 


Ruin(T, Yo) = = ; (7) 
| Kr: ‘ 


Table 1 shows that Az,o/Ario decreases rapidly with decreasing 
temperature, roughly as e~*?/*", where AD is equal to Dz,o — Drio. 
The ZrO bands can become especially strong relative to the 770 
bands for lower temperatures, but we have always the necessary 
condition that vo « Kz,o, in order to reach the value Rypin of equa- 


tion (7). 
The maximum value of R is reached when vg > Ajzio, 


| ie a Vo) oe (d) 


and is the same for all temperatures. Figure 1 gives a representation 
of log R for a set of values of vo. 
The ratios 


VTio VZrO 


= aTio, = a7r0 (a Li, £6) 


, 
VTi V2r 


’ The reasons for the preference of these values are discussed in sec. 3. 
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for a given temperature always decrease with decreasing R. From 
equations (5) it can be seen that for any temperature 


a2zr0 2 aTio, (10) 


as is evident from the higher dissociation energy of ZrO. The rela- 
tive concentration of the free and bound atoms is given by 

VTi I — aTio VZr I — @2Zr0 

ae = —_—., (11) 


VTiO aTiO VZrO aZrO 


Hence, the intensity of the atomic lines, compared with the intensity 
of the corresponding bands, increases with decreasing R. From 








T t 7 >~— oo 
3000 3500 4000 4500 5000 5590 
| ee 


Fic. 1.—The logarithm of the ratio of the abundance of 7i0 to ZrO is given as a 
function of temperature, 7, and number of atoms of free oxygen, vo. Stars of type S will 


be found below the line log v7;0/vzr0 = 0.0. 


equations (9), (10), and (11) the behavior of the Ti and Zr lines in 
class M (R > 1) and class S (R < 1), as previously mentioned, can 
be easily understood. 

For S stars we have the condition 


4 SO es. (x9) 
aZrO 


or 


aTio <p". (13) 
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From equation (13) it follows that 


vo < — Krio(T) . (14) 
I~ p 


Equation (14) gives the upper limit of vo for stars of class S with a 
given temperature. The numerical values of Ayjo(7) in Table 1 
show that low-temperature S stars demand extremely low partial 
densities of free oxygen. The critical value of vo decreases rapidly 
with falling temperature and is roughly proportional to e~?7i0/*", 

Thus far we have obtained only a relationship between R and the 
partial density vo. The connection between R and the total density, 
in which we are chiefly interested, represents a more complicated 
problem. Its general formulation can hardly be expected at present 
because it demands a rather accurate knowledge of the chemical com- 
position of M-type atmospheres. However, our approximate knowl- 
edge of the relative abundance of a number of elements is sufficient 
to show that S stars have not only a lower vg but also a lower total 
density than M stars of the same temperature. 

Furthermore, we shall see that vo in equation (14) can be replaced 
by vz/p, where vy designates the total density of hydrogen and p 
the ratio of the abundance of hydrogen and oxygen. 


The value of vo will be equal to 


Yo = Vo — (2¥0, + Von + VNO+ MCot+..-..-); (15) 
where vo,, Yon,.--.-, designate the partial densities of the oxides 


indicated by the subscripts. Replacing the molecular concentrations 


by 


ee ee 


we have 


, ( 4 2Vo a Viz * VN re Vo \ ) 
Yo = Vo I - ; a ; = eae erie ar (10a 
; Ko, Kon Kyo Kco 
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Similar equations exist for the other constituents, such as H, N, 
a 


_ 2vH | Yo” } 
Vy = Vy (: + 7, * =. 5 ‘J | 


2VN Vo 
Vy = VN (: + Ee. eae + p | (16b) 
| 
, 2v 
Vo = (x + 2 zt ) | 
2 CO ) 


The determination of vg involves the evaluation of the simultaneous 
quadratic equations (16). The total density would be given by 


Vor = VHT POT MNT... T ME, + Vo, T POH To we os (17) 


For reasons previously mentioned we shall not try to compute vo 
on the basis of (16) but shall show that, with a given chemical com- 
position in stellar atmospheres, condition (14) excludes a strong for- 
mation of oxides. Therefore, vo must be of the same order as v@ for 
RE < 4. 

Since there is an excess of oxygen in “oxygen stars,’’ compared 
with nitrogen and carbon, the formation of VO and CO cannot in- 
fluence the partial density of free oxygen in so far as the order of 
magnitude is concerned. Equation (16a), therefore, reduces to 


_ 5. 
VO Vo (: + Ko, + zs) . (18) 


To show that the second and the third members in the parentheses 
are of the order of 1 or smaller (if R < 1), we proceed as follows: 

Since 770 is more tightly bound than O, (5.5, compared with 
5.1, volts), we have Ko, > Krio for all values of T. Replacing Krio 
in (14) by Ko, - K, we find 


2Vo0 Qu : ou ° se 
Ko < ger K 2 — — »—AD/kT : (19) 
O I Me I M 


2 
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where AD = 0.4 volts. Hence, 


a (20) 


The value of vy/ Koy depends essentially on the relative abun- 
dance, p, of hydrogen to oxygen. We shall determine the upper 
limit of p which we can allow in order to keep vyz/ Koy of the order 
of 1. Since vy = vy + 2vq, is always larger than vz, the value of 
vy/ Kon will always be smaller than unity if 


vo S Kon. (21) 


Because of the excessive abundance of hydrogen, vy can be re- 
garded as roughly equal to the total density. 

In the second column of Table 2 the values of Koy are tabulated for 
T = 1500, 2000°, and 3000°. The third column of the table gives the 
upper limits, v§, of vo according to (14); the fourth, the ratios p* = 
Kou/vo. From the preceding considerations it follows that vp in (14) 
is identical with v@ as long as the ratio Koy/vp is larger than or equal 


to the actual abundance factor p = vz/v. 


TABLE 2 
—— ed meee = 
| ‘ 
| vO e 
| - p 
7 Kou yo? | i 
| co ee K rio Kou Vo 
1—p-?! 
| 
1500° 8-109 I.3°105 | 6-104 
2000 4° 1013 7.4°109 5.5°103 
3000 1-10! 2..0°10°% 2.2°107 
| 





There is no doubt that the value of p in stellar atmospheres is 
smaller than the smallest value of p* in Table 2.? 
Replacing vo in equations (14) and (6) by vz/p (=v), we have 


—J 


, Le “ “7 
Vy <p “ ao Krio(T) P ( 


No 
to 
— 


Kz + Va/p 


R(T, vz) = : a eee 
. 4 Krio + Vu/p 


for all values of R < 1. 


9 The dependence of p® on the assumed values of » and Dio is discussed later. 
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Summarizing, we have the following results: 

a) S stars have a lower total density than M stars of the same 
temperature. The upper limit of the total density in S is given by 
(22). 

b) In comparing two S stars of the same temperature but having 
different values of R, the star with the lower value of R has also the 
lower total density. 

c) In comparing two S stars of different temperatures but having 
equal values of R, the star with the lower temperature has also the 
lower total density. 

d) The values of K7jo in Table 1, which give approximately the 
upper limit of the total density vj, indicate that S stars, especially 
for T < 2500, must be supergiants. This explains the nonexistence 
of S dwarfs and the general scarcity of S types."® 

The relation between R and the total density in M stars cannot be 
determined at the present time. It is rather certain that there ex- 
ists for each temperature a density range within which R decreases 
with increasing total density. The application of equation (23) to 
type M isin no way justified. An exception can possibly be made for 
the first subdivision M1, in which the general dissociation is still 
high, making vp approximately equal to v6. 

3. In this section we shall briefly discuss how far our results de- 
pend on the adopted values of Drio and Dz,o and the abundance 
factor u, the accuracies of which are still uncertain. 

It is evident that all conclusions are based on an actual higher 
value of Dz,o than that of Drjo. Exact figures of the dissociation 
energies of 770 and ZrO are not yet known. The values ordinarily 
used are those derived by the Birge-Sponer approximation method, 
which gives 6.5 and 7.5 volts, respectively. The values 5.5 and 6.5 
volts, assumed in the present paper, lie perhaps closer to the real 
ones than do 6.5 and 7.5. Experience has shown that the Birge- 
Sponer methcd generally gives values which are too high by about 
10 to 20 per cent. Our conclusions would be invalidated only—in so 
far as the influence of Drip is concerned—if the real value of Dio is 

Merrill, Ap. J., 65, 25, 1927, from his study of S-type spectra, came to the conclu- 
sion that the general appearance of a typical S-type spectrum points to high luminos- 


ity and low density. 
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appreciably smaller than the dissociation energy of O., which is 
equal to 5.1 volts. AD in equation (19) would then become negative 
and 2vo/Ko, eventually large, compared with unity. However, a 
smaller value of Drio than 5.1 volts is highly improbable. 

The assumed value for Dz,q — Drio (= 1 volt) is probably some- 
what too large. A smaller AD influences the results only to the extent 
that the minima in Figure 1 become less deep (see eq. [7|) and are 
shifted to lower T. 

The abundance factor used, u = 10, may be too small. A larger 
ratio affects, qualitatively, the values of the minima in Figure 1 in 


the same way as does a smaller AD. 
The author is indebted to Dr. G. P. Kuiper and, especially, to Dr. 
P. W. Merrill for several valuable discussions. 


YERKES OBSERVATORY 
April 1939 


SPECTRAL TYPES OF STARS OF THE 
NORTH POLAR SEQUENCE* 


PHILIP C. KEENAN 


ABSTRACT 

The spectral types of the stars of the North Polar Sequence brighter than photo- 
graphic magnitude 11.2 were determined from spectrograms having a dispersion of 
160 A/mm. The new types average from one to two subdivisions later than the earlier 
estimates available from various sources. 

If full use is to be made of the well-determined magnitudes and 
colors which are available for the stars of the North Polar Sequence, 
particularly in connection with studies of interstellar absorption, it 
is important that, over as wide a range of magnitudes as possible, the 
spectral types should all be estimated from spectrograms ofthe same 
dispersion in order to avoid systematic errors depending upon ap- 
parent magnitude. 

For the purpose of providing such a homogeneous set of types, 
spectrograms of all stars of the Polar Sequence down to the eleventh 
photographic magnitude were taken at the McDonald Observatory 
during the summer of 1939. The observations were made with the 
Cassegrain quartz spectrograph on the 82-inch reflector, using an 
f/ 2 Schmidt camera giving a scale of 160 A/mm at Hy. This instru- 
ment is well adapted to observations near the pole, since the spectro- 
graph can be rotated to permit trailing of the image along the slit by 
means of the declination slow-motion motor. Agfa Super Pan Press 
films were employed for all except a few of the faintest stars, for 
which the exposures were made on Agfa Super Plenachrome Press 
films because of their greater speed in the blue region of the spectrum. 

The estimates of spectral type were made by direct comparison 
with spectra of the accompanying list of standard stars taken with 


the same dispersion. 


88 Herculis..... B8 CCVQI . <cbicce canny ooevne HOE 
B Orionis....... cB8 Ns 345 04e3aw nee 
SNRs bs She ese Ao CORE acc ccbvcansase Fo 


* Contributions from the McDonald Observatory, University of Texas, No. 15. 
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6 Cygni... F4V n Serpentis Go I\ 

B Delphini. F4 III n Cephei Go IV-V 
Polaris . F7 Ib 6 Draconis Ko II] 

y Cygni.. F8 Ib 6 Herculis Ko I] 

8B Draconis. Fo I Arcturus Kr Ill 

m& Herculis . Gs V e Pegasi. Kr I 

n Herculis G6 III n Persei A K2 I 

e Draconis G7 II] ¥y Sagittae K5 11] 

o Draconis. G8 V a Orionis M1 I 


The system of classification is that of the bright stars of the 
Henry Draper Catalogue for classes earlier than Fo and follows 


TABLE 1 


SPECTRAL Typ! 


STAR Pgp Cy 
: Harvard | Schwass 
McDonald Mt. W. mann 
Is 2.58 (cF7) cF7 8 +0. 49 + 
I 4.34 \2 Ao -+0.¢ 
2 5.16 Bo Ao 8 
2. 593 Fo III A2 18 + 
4 5-94 A3p \, +o.13 + 
cS 0.49 AAS \2 \rp T e) T I 
2s 6.57 F2 III Fo +0. 2 +O.13 
25 6.7 F4V Fo TO. 3! TO.15 
Ir 6.72 K5—Mo:lll M2 d:K +1.59 
6 7.20 A3 Ao \ 7 
7 ‘ie Bo BS Bo IQ 
2r 7.99 M1: III: M4 +157 + 
8 8.42 4 Il F2 +o.17 
9 Q.07 F2 II] Fo +0.09 
ar 8.98 K2 III: gk 2 d:K2 t 8 t 
10 9.23 \9 \5p +0o.10 
4r 9.31 Go III +0.9 + 
II 9.07 Ko V I 2 2C 
12 10.16 A7 \2 9 
5 10.28 K3: III gK5 r1.55 + | 
4S 10. 39 Fs Ill d:Go +o. 49 +¢ 
13 10.59 A7 \2 4 
6r 10.58 Go III d:G8 + | 
14 10.93 F 2 Fr {I 
rh 11.03 G8 IV d: G; +7 4 
5S Pris G8 III d:G4 


Morgan’s revised subdivisions and luminosity classes' for the later 
types. For three of the stars, NPS 2, 3, and 4, the classification was 


t Ap. J., 87, 460, 1938 
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checked on spectra taken at the Yerkes Observatory with a dis- 
persion of 120 A/mm at Hy, but no changes from the estimates on 
the small-scale films were found necessary. 

In Table 1 the spectral types given in the third column are based 
on at least two satisfactory spectra for each star. The Roman nu- 
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1G. 1.—-Photoelectric colors (C;) and photographic colors (Cr) plotted against spec- 
tral type. The most discrepant star at A3 is NPS 4, in which the metallic lines are un- 


usually strong in comparison to the Balmer series. 


merals indicate the luminosity class for types later than Fo. For 
comparison, the fourth column shows the type determined at either 
Harvard or Mount Wilson, as given by Seares,? and the fifth column 
contains Schwassmann’s estimates based on objective-prism spectro- 
grams.° 


Ap. J., 87, 257, Table 5, 1938. ’ Bergedorfer S pektral-Durchmusterung, 1. 
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The sixth and seventh columns show, respectively, the interna- 
tional color indices determined photographically by Seares‘ and the 
photoelectric colors obtained by Stebbins and Whitford during the 
summer of 1939 on their C, scale.5 The spectrum-color relations of 
the brighter, early-type stars for these two sets of data are shown in 
Figure 1, where the photoelectric measures have been plotted on a 
scale 1.5 times greater than that of the international colors, in 
order that the diagrams for the two systems will be comparable. 

The mean absolute values indicated for the colors by the diagrams 
should not be taken too seriously as indicators of the amount of 
selective absorption at the pole, since the number of stars is small 
and there exists uncertainty as to the zero points of the color scales 
for unreddened stars. The significant result of the redetermination 
of spectral types is the fact that the new types average 2.2 sub- 
divisions later, between Bg and Ks, than the earlier Harvard- 
Mount Wilson estimates and 1.1 subdivisions later than the slitless 
estimates, corresponding to a reduction of about 0.05 mag in the 
international color excess at the north pole, whatever may be the 


absolute amount of this excess. 


It is a pleasure to acknowledge the co-operation of Dr. W. W. 
Morgan, who suggested the investigation, and of Dr. D. M. Popper, 
who helped greatly in securing the observations. 

McDONALD OBSERVATORY 


AND 
YERKES OBSERVATORY 


October 1939 


4 Op. cit., Table 3, col. 4. 
5 These are current values, which Professor Stebbins has kindly given me permission 


to include in the table, and may be subject to slight revision. 


MAGNITUDES AND COLORS OF STARS OF LARGE 
PROPER MOTION* 


CARL K. SEYFERT 


ABSTRACT 


Photographic and photovisual magnitudes on the International System have been 
determined for 144 stars, mostly of proper motion larger than 073 per year, from focal 
plates taken with two 3-inch Ross cameras. For g1 additional proper-motion stars 
photovisual magnitudes have been determined from extrafocal plates taken with a 


5.7-inch camera with ultraviolet optics. A simplified photometer built for the purpose 


of measuring these latter plates is described. 


Faint stars of large proper motion are important because they 
form a homogeneous group of dwarf stars in close proximity to the 
sun. A co-operative program for the study of these stars has been 
carried out by the author in collaboration with Dr. G. P. Kuiper, 
of the Yerkes Observatory, with the assistance of Miss Mary R. 
Calvert. The purpose of the writer’s part of this joint investigation 
has been the determination of magnitudes and colors on the Inter- 
national System of a number of these stars. 

Three cameras have been employed in this investigation: two 3- 
inch Ross cameras (focal length 21 inches), one corrected for photo- 
graphic or blue light, the other for photovisual light; and a 5.7- 
inch camera (focal length 32 inches) constructed of ultraviolet glass 
(hereafter called the “UV camera’’). The Ross camera plates were 
exposed simultaneously for the determination of colors, whereas the 
UV camera was used only for the determination of photovisual mag- 
nitudes. 

Yellow-sensitive plates (Eastman 1-G emulsion) were exposed in 
the Ross photovisual camera and the UV camera. An optical-glass 
yellow filter was placed over the objective of the former, and the 
latter camera was equipped with a yellow-glass filter placed about 
1 inch in front of the emulsion. Blue-sensitive plates (Eastman 1-O 
emulsion) were used in the Ross photographic camera without filter. 
Since the two Ross cameras were exposed simultaneously, the aper- 
ture of the photographic camera was diaphragmed down to 13 inches 

* Contributions from the McDonald Observatory, University of Texas, No. 16. 
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in order to make the limiting magnitudes of the two cameras approx- 
imately equal. 

Each Ross camera plate contains three exposures of equal length, 
two of a region containing one or more stars of large proper motion 
and a single exposure of the North Polar Sequence. A few of the 
UV camera plates were also taken in this manner, though for the 
majority the exposure on the pole was made on a separate plate and 
developed in the same bath with the plate containing the proper- 
motion star or stars. An examination of the multiple-image Ross 
plates revealed no systematic difference in the strength of the images 
depending on the order in which they were exposed. 

The Ross camera plates were taken at the best focus and were 
measured with the aid of a graduated scale of star images. This 
measuring-device has a step interval of about 0.5 mag., and the 
diameter of each star was estimated to the nearest tenth of a single 
step interval. 

The UV camera plates were taken approximately 1 mm out of 
focus and were measured in a physical photometer designed by the 
author with the assistance of Dr. C. T. Elvey, of the McDonald 
Observatory, and constructed by Mr. Arch Garner, engineer of 
the 82-inch reflector. The author gratefully acknowledges the as- 
sistance of both of these men in this work. A short description of 
this instrument is presented in the following paragraphs. 

The photometer is of the null type, built up largely of 14-inch 
black iron pipe and pipe fittings, and employs two inexpensive 
photovoltaic cells which do not require any amplification of the 
current. The optical design is presented schematically in Figure 1. 
The light source (a) is a 50-candle-power automobile headlight lamp 
which is focused by means of a simple lens of focal length 2 inches 
(b) on the 32-mm microscope objective (d). A small interchangeable 
diaphragm (c) is focused by the microscope objective on the photo- 
graphic plate (e). The diverging beam then passes through another 
simple lens (f), which produces a spot of light about { inch in diam- 
eter on the sensitive element of the photovoltaic cell (g). The light 
path through the right-hand side of the photometer is similar, ex 
cept that a movable photographic wedge (/) is situated at the posi- 
tion corresponding to the photographic plate. In addition, the mi- 
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croscope objective is omitted on the wedge side of the photometer in 
order to obtain a large beam falling on the wedge so that small ir- 
regularities in the wedge will be averaged out. 

The photographic plate rests horizontally, emulsion down, in a 
light metal frame, which permits the plate to be moved about on the 
flat table top. The metal frame holds the emulsion of the plate about 
i's inch above the table top, and plate and frame are moved by hand 
to place the star to be measured centrally in the beam of light. The 
plate is viewed by means of a binocular microscope which is mounted 
above the plate at an angle of 20° to the vertical. Since the beam 


§§ ca ce 











is focused on the emulsion, no parallax difficulties are encountered 
when centering the star image in the beam. 

The photovoltaic cells and a galvanometer are connected in series 
in such a way that the currents from the two cells are opposing each 
other. Hence, when the amount of light falling on the two cells is 
equal, no current is registered by the galvanometer. 

The method of measurement is as follows: The image of the star 
to be measured is placed centrally in the beam, and the wedge is 
moved until the galvanometer reads zero. The position of the wedge 
is then read by means of a millimeter scale mounted beside it. The 
fog background near each star is measured in a similar manner; 
and for plates which show evidence of variable fog, the clear reading 
near each star is kept constant by means of a second wedge placed 








120 CARL K. SEYFERT 


in the optical system just below the primary wedge. Magnitudes are 
determined in the usual manner by drawing a calibration-curve for 
the stars of known magnitude (i.e., wedge-reading against magni- 
tude) and by using this curve for converting the wedge-readings of 
other stars to magnitudes. In spite of the fact that the plate must 
be moved by hand instead of by mechanical means, the measure- 
ment is very fast, and the errors of measurement amount to only 
2 or 3 per cent. 

Special plates were taken with all three cameras to determine the 
correction for distance from the center of the plate. This correc- 
tion, depending on the density of the image as well as on the distance 
from the plate center, was found and applied to all the measures. 

The correction to the measures depending on the color of the 
star was determined from a large number of plates of the North 
Polar Sequence. The correction was small and was found also to be 
a function of the density of the image. This correction, when ap- 
plied, reduced all the magnitudes—photographic and photovisual 
to the International System. In addition, appropriate corrections 
for extinction were applied for plates which were not taken at the 
same altitude as that of the pole. 

Many of the stars in the following tables were measured on two 
or more plates, and the photovisual magnitudes in a number of 
cases have been measured from plates taken with both the Ross and 
the UV cameras. Intercomparisions of measures from pairs of plates 
yielded a mean error of a single magnitude determination of +0.1o 
mag. 

Table 1 lists the magnitudes and colors of the stars, which have 
been determined principally from the Ross camera plates. For 25 
of these stars additional photovisual measures were available from 
UV camera plates and have been incorporated in the mean photo- 
visual measures given. Photovisual magnitudes determined solely 
from UV camera plates, and for which no photographic magnitudes 
have been determined, are given in Table 2. 

Preliminary magnitudes and spectral types for 9 white stars of 
large proper motion have been published earlier by Dr. Kuiper and 
the present author." For 8 of these stars, magnitudes and colors, 
improved by the addition of more data, are listed in Table 1. 


; Ap. a Fe 87, 79, 1938. 
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TABLE 1 
PHOTOGRAPHIC AND PHOTOVISUAL MAGNITUDES OF STARS OF 
LARGE PROPER MOTION 











STAR | R.A. 1900 | Decl. 1900 | Mpg mpv ofS m 
+45°4408AB | oMoo™4 | +45°16’ | 9.70 8.07 +163 0" 86 
+306°57 | o 21.6 | +36 44 | 9.08 9.47 | 0.51 0.47 
+70°35 ; oe ga | +70 20 | 10.20 9.92 | 0.37 0.34 
+-71°31* | 0 37.2 | +71 38 | 10.36 10.15 | 0.23 0.35 
+ 38°125 | 0 46.9 | +38 58 | 10.57 9.76 | 0.81 0.37 
Ross 318 |} © 55.1 71 09 } 11.54 10.05 | 1.49 1.78 
+63°137 | 100.4 | +63 24 | 10.40 8.96 | 1.44 5.55 
—16°214 | 1 12.6 —16 01 | 10.80 9.69 I.11 0.58 ‘ 
—13 245 17:3 | 32.40 { 34.06 10.03 1.05 0.43 
+82°38 | 1 22.8 | +82 20 | 10.06 9.05 1.01 0.30 
+30 225 Oe oe +31 06 | 10.03 Q.02 I.O1 °.39 
+63°224 I 35.7 | +63 23 8.93 7.92 1.01 0.05 
+623 ° 229 I 36.8 +63 20 | 9-32 8.11 21 0.70 
+72°94* 1 38.9 | +72 58 | 10.20 10.06 0.14 0.30 
+ 57°383 E 20.2 +57 22 | 9.53 9.21 0.32 0.36 
+68°138 1 50.8 +68 32 9.79 9.18 0.61 0.35 
+71°145 221.4 | +71 44 | 9.60 8.97 | 0.63 0.33 
+ 4415 2 20.4 + 5 OL | 10.71 9.99 0.72 0.69 
+33°529 | 2 45.8 +34 00 | 10.86 9.58 1.28 1.37 
+409°787 | 246.0 | +49 40 | 10.97 10.49 0.48 0.30 
Ross 364 2490.1 | 55 02 | 11.70 10.41 1.38 0.87 
+49°873 3 06.0 | +50 05 11.05 9.80 £25 0.31 
— 6°637 442.1 | =~ 6 an | 45:30 10.26 0.04 0.38 
+ 33°622 z 83.5 | +33 14 10.40: 9.63 0.77 0.70 
+52°683 3 14.5 | +53 08 | 9.70 8.73 | 0.97 0.32 
— 5°64 z-20.1 - 5 42 9.15 7.99 1.16 0.82 
— 6°727 3 37.0 | — 617 10.87: 10.05 | 0.82: 0.44 

7 699 3 49.7 7 08 10.41 5.92 1.49 0.53 
+-32°719 2. SO. 7 +32 42 10.93 9.95 0.98 1.08 
— 7°781t 4 10.7 749 | 6:21 g.20 0.01 4.06 
+ 32°1398 | 6 39.6 3230 | 9.74 8.83 °0.9gI 0.52 
+ 71457 6 43.3 + 7 45 | 3.28 7.89 | 0.39 0.32 
Wolf 204 6 48.4 +33 24 | 11.66: 9.79 1.87: 0.87 

6 51.4 + EIS | S28 7.43 0.78: 0.57 
0 -§2.5 Q20 | 50: 8.88 0.62: 0.72 
6.56.2) | +31 43 10.93 9.93 I.00 0.37 
* 20,9 6 07 0.25 8.00 0.05 0.47 
7 44.8 30 or | 8.06 7.30 0.76 0.38 
7 36.0 25 03 | 11.26 9.52 1.74 0.44 
8 09.1 +13 19 | 10.11 8.76 E.35 0.460 
8 09.2 “O44 Q.32 8.78 0.54 0.50 
8 46.0 —7I 11 9.41 8.12 1.29 1.39 
Qg 06.3 77 40 11.37 10.14 Ea 1.14 
Q 14.0 +81 o1 10.59 9.46 t.43 0.46 
Q 10 | +76 22 | 10.37 Q.12 1.25 ©. 35 
| 9 20.3 i232 | 10.73 9.59 1.14 0.93 
Q 25.1 +77 O1 | 11.06 9.85 1.21 0.2 

12°2918 9 26.5 13 03 12.00: 10.22 1.78: 0.76 

Ross 880 0 35.6 + 1 28 | 10.85 10.61 |+0.24 0.54 














* Subdwarf (Ap. J.,87, 78, 1938) t 40 Eridani BC. 
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TABLE 2 


PHOTOVISUAL MAGNITUDES OF STARS OF LARGE PROPER MOTION 
DETERMINED WITH THE 5.7-INCH UV CAMERA 


Star | R.A. 1900 | Decl. 1900 Mpv | m 
+62°1904 obsqro «=| «= +63°1r' | 8.34 0" 32 
— 9°256 E X40 — Q 27 | 8.57: 0.53 
+66°191 2 00.4 | +66 10 | 7.00 o.t2 
+67° 191 207.5 | +67 13 | 7.07 0.60 
Ross 345 307.4 | +51 59 10.13 0.48 
+51°722 314.7 | Sst so | Q.02 0.42 
+43 099 316.8 | +43 39 | 8.73 0.37 
+41°678 3 15.5 +41 46 | Q.27 0.31 
+43°744 325.2 | +4320 | 8.38 0.30 
+41 727 % 220% +42 04 | g.10 0.40 
+25°613 3 40.3 | +25 54 | 9.51 0.43 
+ 28°593 343.3 | +2820 | 8.43 0.34 
+34°796 3 50.5 | +3502 | 8.48 21 
Ross 587 402.2 | +33 22 | 10.19 0.74 
+ 21°607 4 08.6 +22 06 Q.07: 0.54 
+ 20°802 435-5 | 720 43 | 7.95 0.35 
+18°683 437.0 | +18 45) | 9.93 I. 27 
+63°537 441.1 | +63 10 9.91 0.30 
+109°815. 449.8 | +19 51 7.80: 0.37 
+44°1078 454.9 | +44 54 | 10.19 0.32 
+52 911 4 55.0 | 53 03 9.81 1.96 
+24°720 455.5 | +2430 | 8.07 /-* 
+13°778 4-96: | “53.57 | 8.19 O.41 
+40°1166 458.5 | +4007 | 9.64 . 31 
+55°960 5 00.2 } +55 19 9.18 0.37 
+ 14°83! 501.0 | +14 19 7.89 0.30 
+16°715 5 05,1 +16 19 8.55 y. 21 
+41°1107 sos.2 | +41 21 8.8 0.43 
+44°1142 5 07.8 +44 26 | 10.38 0.05 
+19 872 5 08.3 +19 40 9.4 0.35 
+54°886 FES 0 +54 43 | 9.59 0.40 
— 3°1123 ° 26.4 | — 342 | 8.03 2.22 
+ 2°1041 5 37-5 +2390 «| 8.72 5. 54 
+ 2°1085 5 49.3 + 208 | 8.86 66 
+19°1185 <7 3 | +19 23 | 9.17 03 
+ 26°1067 5 59-7 +20 24 | 9.44 0.42 
+17°1145 6 04.2 +17 57 8.46 5.2 
+47°1276 6 09.2 +47 07 9.27 0.52 
+44°1408 6 09.0 +4445 | g.32 0.41 
+48 1440 6 43.9 +48 10 | 10.06 | 0.33 
+47°1355 644.1 | +4730 | 8.98 | 0.83 
—14°1750 7 06.2 1416 | 10.10 0.62 
Ross 4254. 7 20:5 + 0 47 10.77 | 0. 36 
—15°1776 7 16.6 15 10 9.70 0.53 
—12°1914 7 16.7 12 28 10.07 | 53 
+73 380 1 2350 +73 29 8.63 | 0.32 
+31°1684 7 47.2 +30 55 8.27 1.90 
~ 1°1883 740-5 | - 109 | 7.42 0.31 
+57 1125 8 08.1 +57 24 7.04: | 0.30 
+54°1216 8 11.7 +54 25 9.47: 0.64 


—————— 
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TABLE 2—Continued 

















Star R.A. 1900 | Decl. 1900 mMpv yu 
—15°2546 ; | 85 36™2 = ES SO. 9.58 0"63 
+10 1857 o 37-3 + 955 9.50 0.67 
+ 7°2031 8 43.1 | + 651 10.45 0.53 
Ross 683 8 45.1 | + 8 00 11.43 0.51 
— 3°2525 aah | ~- 23233 9.81 0.74 
+73 447 900.2 | +73 50 9.75 O.31 
+21 2033 ©. 23,1 | +21 09 9.44 0.39 
+23 2123 931.5 | +23 09 9.36 0.33 
Ross 85 9 35.8 +13 40 10.74 ©.9go0 
+22 2118 Q 30.7 +22 12 | 9.75 0.42 
+44 1910 9 43.2 +44 46 10.63 0.21 
+14°2151* 9 43.5 | +14 14 8.42 0.83 
+69 558 10 00.7 +68 56 8.35 0.31 
Ross 892 IO 22.3 + 155 II .04 0.38 
+ 1°2447 10 23.8 } + I 22 } 9.73 0.98 
Ross 109 11. 21.6 +60 07 II.40 0.55 
AC+77°4245 11 26.0 | +77 12 | 11.31 °.60 
+26 2251 EI ..30.5 +20 07 10.07 0.52 
+51 1096 II 41.4 +51 28 9.58 1.00 
+ 38°2285 II 47.2 +35 200 | 6.45 7-95 
+66°748 12 05.6 +66 13 8.73 o.31 
+10 2519 13 00.4 +10 0g | 8.65 0.56 
Ross 484 13 13.9 moat sae,” 10.90 0.70 
+34°2476* 1354.8 | +34 23 10.17 0.54 
Ross 838 13 56.8 +925 | 11.62 0.88 
— 21°4009* 14 54.2 21 36 8.54 0.75 
+ 9°3001 15 03.0 +916 | 8.34 0.53 
—15°4041 15 04.7 1559 | 9.43 3.67 
—15°4042 15 04.7 -15 54 | 9.09 3-67 
+40°2862 15 08.4 +40 20 9.35 0231 
—14°4209T ES: 22.6 —14 24 | 9.60 sets 
+13 2985 15 37.6 “FIZ 16 =| 9.75 0.32 
—10°4149* i< 394 —10 36 | 7.23 1.18 
+ 5 3113 15 50.1 + 5 22 } 8.52 0.32 
+ 7°3125 10 11.1 + 7 37 8.45 0.50 
— 3 3908 10 29.5 — A Oo Qg.3!1 0.73 
Ross 643 16 40.1 + 6 14 | 10.65 0.35 
Ba LEK: 16 54.1 25.55 | 9.61 0.52 
Ross 539 17 52.9 +408 | 10.21 0.36 
+ 4°3561f 17 52.9 oad ok | a 9.44 10.30 
+ 4 3562 17 S45 + 4 26 9.68 0.05 

| 
* Subdwarf. t ADS 09655; = (dyn 7020. ¢ Barnard’s star. 


In a subsequent note Dr. Kuiper and the writer will publish the 
relation between the spectral types obtained by Kuiper and the 
colors derived here. 


McDoNaALp OBSERVATORY 
September 20, 1939 











THE SPECTRUM OF 25 ORIONIS, 1933-1939 
HELEN W. DODSON 


ABSTRACT 

During 1933-1938 the hydrogen lines showed equal emission components and no 
variations in velocity. Throughout this interval the emission lines steadily increased 
in width. In 1938-1939 the violet component became stronger than the red, velocities 
increased, and emission widths diminished. 

A previously reported’ investigation of the spectrum of 25 Orionis’ 
indicated that from 1915 to 1933 there had been cyclic variations, 
with decreasing period and amplitude, in the velocities of the central 
absorption and emission lines of hydrogen and in the ratio of the 


red and violet components of the emission lines. Further estimates 
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SO23 SI i¢ 14 oh. Q > ( rs Q 
0243 z 45-40 7 334 Li rs: 7.0) x T 25 157 T } 1O4 


by McLaughliné of the emission ratio, V, R, during 1933 1937 indi 
cated that the conspicuous changes in the relative intensity of the 
emission components had ceased and that the red and violet com 
ponents of the emission lines had been practically equal throughout 
this later interval. 

The data for the present study have been obtained from 33 one 
prism spectrograms taken at the University of Michigan Observa 
tory between 1933 and 1939 (JD 7345-9339). Velocities were de 

1 Ap. J., 84, 180, 1936. 

?HD 35439; BD+1°1005; a 5"196; 6 +1°45' (1900); visual magnitude, 4.73; spec 
tral class, Bap. 

3 Ap. J., 85, 185, 1937. 
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termined from the central absorption lines and from the means of 
the outer edges of the two emission components for both HB and Hy. 
Measures were also made of the velocities represented by the outer 
edges of the emission lines, total widths of the emission lines, and 
the ratio of the intensity of the red and violet emission components. 
Normal places formed from the individual plate measures are given 
in the accompanying table, and the results are shown graphically 
by the black dots in the right-hand portion of Figure 1. 

The curves of the diagram indicate that for the 2000-day interval, 
JD 7000-gooo, when the emission components were practically 
equal, there were no marked changes in the average values of either 
the absorption or the emission velocities. The measures of indi- 
vidual spectrograms showed the same wide scatter about the aver- 
age values that had been found during the period of cyclic varia- 
tions.4 The spectrograms for the winter of 1938-1939 gave the first 
evidence of a real change in the ratio of the emission components. 
The violet component became stronger than the red; and on the last 
spectrogram secured, it is estimated as one and one-half times more 
intense than the red component. It is possible that the “resumption 
of variation in the spectrum of 25 Orionis”’ suggested by McLaugh- 
lin’ is taking place. This view is further indicated by the accom- 
panying increase in both the absorption and emission velocities 
from an average value of about +24 km/sec to almost double that 
figure for JD 9243. 

During the interval of constant velocities and equal emission 
components the #8 and Hy emission lines continually increased in 
width to maximum breadths of 8.3 A and 7.6 A, respectively, for 
JD 8923, the date which just precedes the suggested resumption of 
variations in velocity and emission ratio. The emission widths at 
this time were considerably greater than at any previous time for 
which the star had been studied, and this excessive width could not 
have been caused by a mere spreading of the photographic image, 
because there was no conspicuous increase in the emission intensity. 
Throughout the times of cyclic variation there had been maxima of 
emission width at both maximum and minimum velocity (data for 
JD 5400 not comparable).® The velocities represented by the sepa- 


Ibid., 84, 184, 1936 Tbid., 85, 193, 1937. ° Thid., 84, 187, 1936. 
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rate edges of these lines (see the last four curves of Figure 1) indi- 
cate that this was caused by the flaring-out of the weaker of the two 


emission components. However, 











the maximum in emission width 


at JD 8923 resulted 
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there was a corresponding conspicuous increase in the width of the 


emission lines, followed by a sudden decrease. 


WHITIN OBSERVATORY 
WELLESLEY, MASSACHUSETTS 


October 1, 10390 


7 [bid., p. 200. 


8 Tbhid., 83, 499, 1930. 





